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  Eelgrass,	  Zostera	  marina,	  provides	  critical	  habitat	  for	  many	  marine	  species	  in	  
the	  Pacific	  Northwest.	  Although	  most	  eelgrass	  beds	  in	  the	  Salish	  Sea	  are	  stable,	  a	  few	  
areas	  are	  experiencing	  decline.	  	  One	  region	  experiencing	  eelgrass	  decline	  is	  Hood	  
Canal,	  a	  region	  that	  also	  has	  frequent	  hypoxic	  events.	  Hypoxia	  has	  the	  potential	  to	  be	  
a	  stressor	  to	  eelgrass	  as	  it	  can	  lead	  to	  tissue	  anoxia	  at	  night.	  These	  tissues	  then	  must	  
undergo	  anaerobic	  metabolism,	  which	  is	  less	  energetically	  efficient	  and	  can	  produce	  
toxic	  byproducts.	  Hypoxia	  may	  also	  work	  in	  synergy	  with	  other	  stressors,	  such	  as	  
sediment	  pore-­‐water	  sulfide.	  Hypoxia	  can	  facilitate	  the	  intrusion	  of	  sulfide,	  a	  known	  
phytotoxin,	  into	  eelgrass	  tissues.	  Pore-­‐water	  sulfide	  has	  been	  found	  in	  elevated	  
concentrations	  in	  the	  Puget	  Sound	  associated	  with	  wood	  waste	  and	  reductions	  in	  
eelgrass	  density.	  Additionally,	  elevated	  pore-­‐water	  sulfide	  has	  been	  found	  at	  sites	  in	  
the	  San	  Juan	  Archipelago	  where	  eelgrass	  has	  declined.	  Furthermore,	  hypoxic	  events	  
and	  elevated	  pore-­‐water	  sulfide	  can	  co-­‐occur	  as	  a	  result	  of	  eutrophication.	  In	  order	  
to	  better	  understand	  the	  processes	  that	  lead	  to	  eelgrass	  decline	  across	  Puget	  Sound,	  
this	  study	  examined	  the	  interaction	  between	  sulfide	  and	  hypoxia	  on	  the	  growth	  and	  
photosynthetic	  efficiency	  of	  Zostera	  marina.	  	  
Eelgrass	  shoots	  were	  collected	  from	  Padilla	  Bay,	  Washington	  and	  placed	  into	  
seawater	  tanks	  in	  18	  oz.	  cups	  of	  sediment	  with	  a	  disk	  of	  agar	  at	  the	  bottom	  to	  
simulate	  organic	  enrichment	  and	  to	  stimulate	  sulfide	  production.	  	  The	  growth	  rate	  
and	  photosynthetic	  efficiency	  of	  the	  eelgrass	  shoots	  were	  monitored	  weekly	  for	  six	  
weeks.	  After	  week	  three,	  the	  water	  columns	  of	  six	  of	  the	  tanks	  were	  reduced	  to	  
	  
	   v	  
hypoxic	  conditions	  (<2mg	  L-­‐1).	  	  During	  week	  6,	  the	  oxygen	  concentration	  was	  
dropped	  further	  to	  near	  anoxic	  conditions.	  After	  week	  6,	  eelgrass	  tissue	  samples	  
were	  collected	  for	  measurement	  of	  total	  sulfur,	  carbon,	  and	  nitrogen.	  	  
The	  results	  indicated	  that	  hypoxia	  had	  a	  significant	  negative	  effect	  on	  Z.	  
marina	  shoots,	  which	  was	  evidenced	  by	  strong	  reductions	  in	  growth	  rates	  and	  
photosynthetic	  efficiencies.	  While	  there	  was	  no	  direct	  effect	  of	  pore-­‐water	  sulfide	  on	  
the	  shoots,	  it	  was	  evident	  that	  hypoxia	  enhanced	  sulfide	  intrusion	  into	  the	  shoots.	  
However,	  intrusion	  was	  limited	  to	  below-­‐ground	  tissues	  and	  the	  total	  sulfur	  content	  
in	  the	  below-­‐ground	  tissues	  was	  not	  correlated	  with	  the	  measured	  pore-­‐water	  
sulfide	  concentrations.	  These	  findings	  indicate	  that	  hypoxia	  in	  conjunction	  with	  
sediment	  organic	  enrichment	  harms	  eelgrass	  health	  and	  enhances	  the	  intrusion	  of	  
sulfide	  into	  plant	  tissues,	  over	  a	  wide	  range	  of	  pore-­‐water	  sulfide	  concentrations.	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Seagrass	  ecosystems	  are	  of	  high	  economic	  value	  due	  to	  the	  ecosystem	  
services	  they	  provide,	  making	  them	  important	  components	  of	  coastal	  habitats	  
globally	  and	  locally	  (Costanza	  et	  al.	  1997,	  Williams	  and	  Heck	  2001,	  Orth	  et	  al.	  2006).	  
In	  the	  Pacific	  Northwest,	  eelgrass	  (Zostera	  marina)	  provides	  critical	  habitat	  for	  
many	  species	  including	  commercially	  important	  juvenile	  salmonids,	  flounder,	  cod,	  
and	  scallops	  (Moore	  and	  Short	  2006).	  	  Due	  to	  the	  ecosystem	  services	  and	  functions	  
provided	  by	  eelgrass	  habitat,	  eelgrass	  is	  considered	  an	  indicator	  of	  Puget	  Sound’s	  
health	  (Dowty	  et	  al.	  2010,	  Orians	  et	  al.	  2012).	  	  An	  estimated	  22,000	  ha	  of	  Puget	  
Sound	  and	  the	  Strait	  of	  Georgia	  are	  comprised	  of	  eelgrass	  habitat	  (Christiaen	  et	  al.	  
2015).	  	  Eelgrass	  coverage	  in	  Puget	  Sound	  is	  stable	  but	  there	  are	  25	  sites	  with	  long-­‐
term	  declines	  including	  several	  located	  in	  South	  Hood	  Canal,	  Central	  Puget	  Sound,	  
and	  the	  San	  Juan	  Archipelago	  (Christiaen	  et	  al.	  2015).	  	  The	  Puget	  Sound	  Partnership	  
has	  set	  a	  goal	  to	  increase	  coverage	  of	  eelgrass	  20%	  by	  2020	  in	  order	  to	  address	  
these	  declines	  and	  promote	  the	  health	  of	  the	  Puget	  Sound	  (Puget	  Sound	  Partnership	  
2011).	  While	  there	  are	  some	  sites	  with	  increasing	  eelgrass	  coverage	  the	  current	  
sound-­‐wide	  coverage	  estimates	  have	  not	  yet	  met	  this	  goal	  (Christiaen	  et	  al.	  2015).	  	  
Eelgrass	  expansion	  may	  be	  limited	  by	  a	  suite	  of	  factors	  including	  but	  not	  limited	  to	  
light	  availability	  and	  the	  physical	  and	  chemical	  characteristics	  of	  the	  sediment	  and	  
overlying	  water	  column	  (Koch	  2001).	  	  This	  study	  examined	  the	  impact	  of	  water-­‐
column	  oxygen	  concentration	  and	  sediment	  sulfide	  concentration	  on	  local	  
populations	  of	  eelgrass.	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Hypoxic	  events	  occur	  throughout	  Puget	  Sound,	  due	  to	  intrusions	  of	  deep,	  
low-­‐oxygen	  water	  and	  eutrophication	  (Deppe	  2014,	  Newton	  et	  al.	  2008).	  	  Hood	  
Canal,	  a	  region	  associated	  with	  long-­‐term	  eelgrass	  declines	  has	  frequent	  hypoxic	  
events	  (Christian	  et	  al.	  2015,	  Newton	  et	  al.	  2008).	  While	  it	  is	  not	  known	  if	  the	  
eelgrass	  declines	  are	  associated	  with	  the	  hypoxic	  events,	  hypoxia	  does	  have	  the	  
potential	  to	  act	  as	  a	  stressor	  to	  eelgrass	  (Holmer	  and	  Bondgaard	  2001,	  Pulido	  and	  
Borum	  2010),	  and	  previous	  eelgrass	  die-­‐offs	  have	  been	  associated	  with	  anoxic	  
events	  (Plus	  et	  al.	  2003).	  	  Previous	  experiments	  have	  found	  anoxia	  to	  negatively	  
affect	  eelgrass	  growth	  and	  photosynthetic	  rates	  in	  (Pulido	  and	  Borum	  2010).	  Water	  
column	  anoxia	  likely	  negatively	  affects	  eelgrass	  tissues	  by	  affecting	  internal	  oxygen	  
concentrations.	  	  During	  the	  day,	  oxygen	  from	  photosynthesis	  maintains	  internal	  
oxygen	  concentrations	  (Borum	  et	  al.	  2006).	  But	  at	  night,	  water	  column	  oxygen	  can	  
be	  critical	  for	  maintaining	  internal	  oxygen	  concentrations	  to	  support	  aerobic	  
respiration	  (Borum	  et	  al.	  2006,	  Greve	  et	  al.	  2003).	  	  Water-­‐column	  anoxia	  at	  night	  
can	  lead	  to	  tissue	  anoxia	  (Greve	  et	  al.	  2003).	  	  Water-­‐column	  anoxia	  has	  been	  shown	  
to	  reduce	  internal	  oxygen	  concentrations	  not	  only	  at	  night,	  but	  during	  the	  day	  as	  
well	  (Greve	  et	  al.	  2003).	  	  However,	  tissue	  anoxia	  in	  eelgrass	  is	  not	  limited	  to	  anoxic	  
water-­‐columns.	  	  Water	  column	  hypoxia	  also	  has	  the	  potential	  to	  reduce	  internal	  
oxygen	  concentrations.	  	  Rhizome	  tissue	  can	  become	  anoxic	  when	  the	  water	  column	  
oxygen	  concentration	  is	  at	  20%	  air	  saturation	  (Pedersen	  et	  al.	  2004).	  	  Tissue	  anoxia	  
can	  be	  detrimental	  to	  eelgrass	  due	  to	  the	  decreased	  efficiency	  of	  anaerobic	  
respiration	  and	  the	  toxic	  byproducts	  associated	  with	  it.	  Tissue	  anoxia	  may	  also	  have	  
other	  detrimental	  effects	  including	  changes	  in	  cellular	  pH	  and	  the	  inhibition	  of	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phloem	  transport	  to	  the	  roots	  (Drew	  1997).	  	  This	  indicates	  that	  hypoxic	  events	  may	  
also	  be	  detrimental	  to	  eelgrass.	  	  	  
	   Hypoxic	  conditions	  have	  also	  been	  shown	  to	  negatively	  affect	  eelgrass	  
through	  declines	  in	  growth	  and	  photosynthetic	  rates	  (Holmer	  and	  Bondgaard	  2001,	  
Pulido	  and	  Borum	  2010).	  However,	  previous	  work	  on	  this	  subject	  did	  not	  rigorously	  
maintain	  oxygen	  concentrations	  or	  maintained	  eelgrass	  shoots	  without	  a	  realistic	  
light-­‐dark	  cycle,	  which	  makes	  it	  difficult	  to	  understand	  how	  hypoxia	  effects	  natural	  
eelgrass	  populations.	  	  This	  study	  assessed	  the	  effect	  of	  hypoxia	  on	  eelgrass	  to	  
understand	  how	  shoots	  may	  respond	  to	  hypoxic	  events	  in	  the	  field,	  such	  as	  in	  Hood	  
Canal.	  	  
	   While	  hypoxia	  may	  be	  a	  stressor	  alone,	  it	  can	  co-­‐occur	  with	  other	  potential	  
stressors	  such	  as	  enriched	  sediment	  organic	  matter,	  which	  can	  stimulate	  the	  
production	  of	  hydrogen	  sulfide	  (Koch	  2001).	  Hydrogen	  sulfide	  is	  a	  known	  
phytotoxin	  produced	  by	  sulfate	  reducing	  bacteria,	  as	  a	  byproduct	  of	  anaerobic	  
metabolism	  in	  marine	  sediments	  (Equation	  1,	  Bagarinao	  1992).	  	  
2  CH!O+ SO!!!   →   H!S+ 2  HCO!!	   	   	   	   (1)	  
Below	  the	  oxic	  layer	  of	  marine	  sediments,	  other	  forms	  of	  anaerobic	  
metabolism	  occur,	  but	  sulfate	  reduction	  generally	  predominates	  due	  to	  the	  high	  
concentration	  of	  sulfate	  in	  seawater	  (Bagarinao	  1992).	  	  	  Free	  sulfide	  species	  (H2S,	  
HS-­‐,	  S2-­‐)	  produced	  by	  sulfate	  reduction	  are	  in	  equilibrium	  in	  the	  sediment	  pore-­‐
water	  depending	  on	  pH.	  At	  pH	  8,	  9%	  of	  the	  total	  free	  sulfide	  is	  in	  the	  H2S	  form,	  at	  pH	  
7	  H2S	  equals	  HS-­‐,	  and	  at	  pH	  6,	  91%	  is	  H2S	  (Wang	  and	  Chapman	  1999).	  	  The	  anions	  
(HS-­‐	  and	  S2-­‐	  )	  are	  less	  toxic	  than	  the	  neutral	  H2S	  because	  diffusion	  through	  neutral	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cell	  membranes	  is	  hindered	  (Vismann	  1996,	  Wang	  and	  Chapman	  1999).	  	  Once	  
sulfide	  has	  entered	  a	  cell,	  it	  inhibits	  the	  activity	  of	  cytochrome-­‐c-­‐oxidase	  and	  other	  
metallo-­‐enzymes	  (Allam	  and	  Hollis	  1972,	  Bagarinao	  1992,	  Raven	  and	  Scrimgeour	  
1997).	  Eelgrass	  commonly	  inhabits	  reducing	  sediments	  that	  are	  conducive	  to	  sulfide	  
production	  (Terrados	  et	  al.	  1999).	  	  High	  organic	  matter	  concentration	  in	  sediments	  
such	  as	  from	  eutrophication	  or	  wood	  waste	  can	  elevate	  pore-­‐water	  sulfide	  
concentrations	  by	  stimulating	  anaerobic	  metabolism	  (Koch	  2001,	  Burkholder	  et	  al.	  
2007,	  Elliott	  et	  al.	  2006,	  Yücel	  et	  al.	  2013).	  Elevated	  pore-­‐water	  sulfide	  
concentrations	  may	  become	  toxic	  to	  eelgrass.	  	  
In	  Puget	  Sound,	  high	  sediment	  pore-­‐water	  sulfide	  concentrations	  have	  been	  
measured	  in	  a	  few	  locations	  and	  could	  potentially	  limit	  eelgrass	  distribution	  (Elliott	  
et	  al.	  2006,	  Dooley	  2013,	  Borum	  et	  al.	  2014).	  	  One	  cause	  of	  high	  concentrations	  of	  
pore-­‐water	  sulfide	  in	  the	  Puget	  Sound	  is	  large	  quantities	  of	  buried	  wood-­‐waste	  
(Elliott	  et	  al.	  2006,	  Yücel	  et	  al.	  2013).	  Puget	  Sound	  has	  an	  extensive	  history	  of	  
lumber	  practices	  that	  contributed	  large	  quantities	  of	  wood	  waste	  to	  the	  marine	  
environment	  (Asher	  2013).	  	  
The	  toxic	  effects	  of	  sulfide	  on	  eelgrass	  have	  been	  observed	  through	  
reductions	  in	  photosynthetic	  activity	  and	  growth	  (Holmer	  and	  Bondgaard	  2001,	  
Holmer	  and	  Nielsen	  2007).	  	  In	  some	  cases	  photosynthesis	  has	  ceased	  entirely	  in	  the	  
presence	  of	  sulfide	  (Holmer	  and	  Bondgaard	  2001,	  Korhonen	  et	  al.	  2012,	  Dooley	  et	  
al.	  2013).	  Sulfide	  exposure	  can	  also	  lead	  to	  shoot	  mortality	  by	  causing	  decay	  of	  the	  
meristem	  and	  the	  release	  of	  shoots	  from	  the	  rhizome	  (Holmer	  and	  Bondgaard	  
2001).	  However,	  previous	  work	  typically	  grew	  eelgrass	  shoots	  hydroponically	  in	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sulfide	  solutions,	  exposing	  the	  entire	  shoot	  to	  sulfide.	  In	  a	  natural	  environment	  
sulfide	  is	  found	  in	  the	  sediment,	  so	  that	  only	  the	  roots	  are	  exposed	  and	  sulfide	  must	  
intrude	  into	  the	  plant	  through	  the	  root	  tip	  for	  damage	  to	  occur.	  	  Additionally,	  sulfide	  
toxicity	  can	  be	  exacerbated	  when	  other	  environmental	  stressors	  work	  in	  synergy	  
with	  it,	  and	  in	  previous	  experimental	  designs	  the	  sulfide	  solutions	  that	  bathed	  the	  
eelgrass	  shoots	  were	  also	  anoxic.	  
Hypoxia	  interacts	  with	  sulfide	  by	  promoting	  the	  intrusion	  of	  sulfide	  into	  
eelgrass	  (Holmer	  and	  Bondgaard	  2001,	  Korhonen	  et	  al.	  2012).	  Eelgrass	  shoots	  	  
protect	  themselves	  from	  sulfide	  intrusion	  by	  creating	  oxic	  microspheres	  around	  the	  
root	  tips,	  which	  will	  oxidize	  sulfide	  back	  to	  non-­‐toxic	  sulfate	  (Frederiksen	  and	  Glud	  
2006).	  	  During	  the	  day,	  eelgrass	  can	  transport	  oxygen	  from	  photosynthesis	  to	  the	  
roots	  through	  lacunae	  (Pedersen	  et	  al.	  2004).	  	  This	  oxygen	  is	  then	  released	  from	  the	  
root	  tips,	  generating	  oxic	  microspheres	  around	  the	  roots	  and	  oxidizing	  sulfide	  in	  the	  
sediment,	  preventing	  intrusion	  into	  the	  plant	  (Raven	  and	  Scrimgeour	  1997,	  
Frederiksen	  and	  Glud	  2006).	  	  At	  night,	  when	  photosynthesis	  is	  not	  occurring,	  the	  
stores	  of	  oxygen	  in	  the	  plant	  are	  rapidly	  depleted	  (Pedersen	  et	  al.	  2004).	  In	  a	  water	  
column	  with	  high	  oxygen	  concentrations,	  diffusion	  of	  oxygen	  from	  the	  water	  column	  
into	  eelgrass	  leaves	  can	  be	  sufficient	  to	  maintain	  the	  oxidized	  microsphere	  
(Pedersen	  et	  al.	  2004).	  However,	  if	  water	  column	  oxygen	  is	  hypoxic,	  there	  will	  not	  
be	  enough	  oxygen	  diffusing	  into	  the	  shoots	  to	  maintain	  the	  oxic	  microspheres	  and	  
prevent	  sulfide	  intrusion	  (Pedersen	  et	  al.	  2004).	  	  Once	  sulfide	  has	  intruded	  into	  a	  
shoot	  of	  eelgrass,	  it	  can	  move	  through	  the	  internal	  lacunar	  tissues	  and	  to	  the	  above-­‐
ground	  shoots	  (Pedersen	  et	  al.	  2004,	  Frederiksen	  et	  al.	  2008).	  	  When	  the	  eelgrass	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shoot	  resumes	  photosynthesis	  or	  water	  column	  oxygen	  concentrations	  are	  restored,	  
the	  sulfide	  that	  intruded	  into	  the	  plants	  will	  be	  oxidized	  (Pedersen	  et	  al.	  2004).	  The	  
oxidation	  of	  intruded	  sulfide	  is	  not	  enzymatically	  mediated	  and	  its	  removal	  or	  
neutralization	  may	  not	  fully	  restore	  cellular	  function	  and	  activity	  (Pedersen	  et	  al.	  
2004,	  Korhonen	  et	  al.	  2012).	  	  
The	  objective	  of	  this	  study	  was	  to	  investigate	  how	  water	  column	  hypoxia	  and	  
high	  levels	  of	  pore-­‐water	  sulfide	  affect	  eelgrass.	  	  To	  accomplish	  this	  objective,	  water	  
column	  oxygen	  concentration	  was	  manipulated	  in	  the	  laboratory	  to	  create	  hypoxic	  
conditions	  and	  agar	  was	  added	  to	  the	  bottom	  of	  sediment	  cups	  containing	  eelgrass	  
shoots	  to	  mimic	  organic	  enrichment	  without	  changing	  other	  sediment	  properties.	  
This	  simulated	  water	  column	  and	  sediment	  characteristics	  expected	  under	  
eutrophication	  in	  order	  to	  reproduce	  the	  interaction	  between	  eelgrass	  shoots,	  water	  
column	  hypoxia,	  and	  sediment	  sulfide.	  	  The	  experiment	  spanned	  six	  weeks	  and	  the	  
growth	  rate	  and	  photosynthetic	  efficiency	  of	  the	  shoots	  of	  Z.	  marina	  were	  measured	  
weekly	  along	  with	  sediment	  pore-­‐water	  sulfide	  concentrations.	  At	  the	  conclusion	  of	  
the	  experiment,	  tissue	  samples	  were	  collected	  and	  analyzed	  for	  total	  sulfur	  to	  assess	  
whether	  sulfide	  intrusion	  had	  occurred.	  	  
Based	  on	  the	  findings	  of	  previous	  research,	  I	  hypothesized	  that	  hypoxia	  
would	  reduce	  growth	  rate	  and	  photosynthetic	  efficiency	  of	  eelgrass.	  I	  further	  
hypothesized	  that	  hypoxia	  and	  pore-­‐water	  sulfide	  would	  act	  in	  synergy	  to	  reduce	  
growth	  rate	  and	  photosynthetic	  efficiency.	  Finally,	  I	  hypothesized	  that	  hypoxia	  
would	  allow	  for	  sulfide	  intrusion	  to	  occur	  and	  growth	  rate	  and	  photosynthetic	  
efficiency	  would	  correlate	  with	  the	  sulfide	  intrusion.	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Methods	  
Plant	  collection.	  Adult	  shoots	  of	  Zostera	  marina	  with	  intact	  rhizome	  segments	  were	  
collected	  from	  Padilla	  Bay,	  Washington	  on	  July	  9,	  2014	  using	  sediment	  cores.	  At	  the	  
same	  time,	  densities	  of	  Z.	  marina	  were	  counted	  and	  pore-­‐water	  sulfide	  profiles	  were	  
collected	  from	  the	  site.	  Pore-­‐water	  was	  collected	  at	  3,	  6,	  and	  12	  cm	  for	  sulfide	  
measurements	  and	  shoots	  were	  counted	  within	  0.25	  m2	  quadrats.	  	  Shoots	  and	  their	  
respective	  sediment	  core	  were	  transferred	  to	  16	  oz.	  plastic	  cups	  and	  placed	  into	  
twelve	  forty-­‐liter	  indoor	  tanks	  with	  flow-­‐through	  seawater	  at	  the	  Shannon	  Point	  
Marine	  Center	  in	  Anacortes,	  Washington	  under	  a	  10:14	  light:dark	  cycle	  with	  average	  
of	  31	  μM	  photons	  s-­‐1	  m-­‐2	  	  of	  photosynthetically	  active	  radiation	  (PAR).	  Tanks	  were	  
immersed	  in	  six	  72-­‐L	  tanks	  with	  flowing	  seawater	  to	  regulate	  the	  tank	  temperature.	  
After	  a	  one-­‐week	  acclimation	  period,	  flowing	  seawater	  was	  stopped	  in	  the	  
experimental	  tanks	  (40	  L)	  and	  these	  tanks	  were	  isolated	  from	  the	  atmosphere.	  	  The	  
larger	  (72-­‐L)	  tanks	  with	  flowing	  seawater	  regulated	  temperature	  in	  the	  
experimental	  tanks.	  Experimental	  tanks	  were	  fitted	  to	  an	  aerator	  pump	  to	  maintain	  
dissolved	  gas	  levels.	  Shoots	  were	  cleaned	  of	  epiphytes,	  tanks	  were	  cleaned,	  and	  
seawater	  was	  exchanged	  weekly.	  	  
	  
Pore-­‐water	  sampling.	  	  Pore-­‐water	  sippers	  were	  used	  to	  collect	  pore-­‐water	  
samples	  for	  sulfide	  measurements	  without	  exposing	  samples	  to	  atmospheric	  oxygen	  
(Howes	  et	  al.	  1985).	  The	  sippers	  were	  composed	  of	  18-­‐cm	  long	  1.5-­‐mm	  inner	  
diameter	  glass	  capillary	  tubing.	  The	  tip	  of	  the	  sipper	  was	  constructed	  from	  a	  plastic	  
needle	  cap	  and	  punctured	  six	  times	  on	  each	  side	  with	  a	  23-­‐gauge	  needle	  and	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attached	  to	  the	  end	  of	  the	  capillary	  tube	  with	  marine	  sealant.	  	  A	  rubber	  septum	  was	  
placed	  on	  the	  top	  of	  the	  sipper	  to	  allow	  pore	  water	  to	  be	  extracted	  using	  a	  3-­‐mL	  
syringe	  inserted	  into	  the	  septum	  and	  drawn	  back.	  	  
	   Sulfide	  present	  in	  pore-­‐water	  was	  preserved	  in	  sulfide	  antioxidant	  buffer	  
(SAOB).	  Fresh	  SAOB	  was	  prepared	  before	  each	  pore-­‐water	  collection.	  SAOB	  
consisted	  of	  8	  g	  sodium	  hydroxide,	  3.5	  g	  ascorbic	  acid	  and	  6.7	  g	  of	  disodium	  EDTA	  
diluted	  to	  100	  mL.	  Syringes	  containing	  pore-­‐water	  samples	  were	  connected	  to	  3-­‐mL	  
syringes	  containing	  SAOB	  using	  a	  short	  piece	  of	  plastic	  tubing	  and	  pore-­‐water	  
samples	  were	  preserved	  by	  mixing	  an	  equal	  volume	  of	  sample	  and	  SAOB	  without	  
exposure	  to	  atmospheric	  oxygen.	  
	   	  
Pore-­‐water	  sulfide	  measurements	  and	  probe	  calibration.	  Pore-­‐water	  samples	  
that	  were	  preserved	  in	  SAOB	  were	  measured	  using	  an	  ion	  selective	  electrode	  
(ThermoScientific	  Orion	  silver/sulfide	  electrode).	  	  Before	  measuring	  the	  samples,	  a	  
calibration	  curve	  was	  created,	  typically	  ranging	  from	  0-­‐5	  mM.	  	  However,	  through	  the	  
course	  of	  the	  experiment	  the	  sulfide	  concentration	  increased	  and	  the	  calibration	  
curve	  was	  adjusted	  to	  include	  the	  range	  of	  sulfide	  observed	  (0-­‐10	  mM).	  	  
The	  standards	  for	  the	  calibration	  curve	  were	  created	  from	  saturated	  sulfide	  
solution	  (Na2S	  	  9	  H2O).	  	  A	  secondary	  standard	  was	  made	  from	  1.5	  mL	  of	  the	  
saturated	  standard	  diluted	  to	  100	  mL	  with	  deoxygenated	  MilliQ	  water.	  The	  
concentration	  of	  the	  secondary	  standard	  was	  determined	  via	  lead	  titration.	  A	  0.1	  M	  
solution	  of	  lead	  (II)	  nitrate	  (Pb(NO3)2)	  was	  pipetted	  into	  the	  secondary	  sulfide	  
solution	  in	  small	  aliquots	  (0.5	  -­‐	  0.1	  mL)	  until	  the	  titration	  reached	  the	  endpoint,	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determined	  using	  the	  ion	  selective	  electrode.	  The	  secondary	  standard	  was	  diluted	  
further	  to	  a	  tertiary	  standard,	  which	  was	  used	  to	  generate	  the	  calibration	  standards.	  	  	  
	  
Hypoxia	  experiment.	  Twenty-­‐four	  adult	  shoots	  were	  randomly	  distributed	  
between	  12	  41-­‐L	  experimental	  tanks.	  Half	  of	  these	  tanks	  were	  randomly	  selected	  for	  
the	  hypoxic	  treatment.	  During	  the	  first	  three	  weeks	  of	  the	  experiment,	  all	  tanks	  
were	  bubbled	  continuously	  with	  ambient	  atmospheric	  air	  to	  maintain	  dissolved	  
oxygen	  levels	  at	  saturation.	  During	  the	  subsequent	  two	  weeks,	  six	  of	  the	  tanks	  were	  
treated	  with	  500	  ppm	  CO2-­‐nitrogen	  gas,	  to	  reduce	  water	  column	  oxygen	  to	  ≤2	  mg	  L-­‐1	  
(hypoxic	  conditions).	  	  At	  the	  onset	  of	  the	  hypoxic	  treatment,	  tanks	  were	  bubbled	  
continuously,	  for	  less	  than	  an	  hour,	  until	  the	  oxygen	  concentration	  was	  reduced	  
from	  saturation	  to	  ≤	  2	  mg	  L-­‐1.	  After	  hypoxic	  conditions	  were	  established	  in	  the	  
tanks,	  the	  tanks	  were	  monitored	  daily	  using	  PreSens	  PSt3	  oxygen	  sensors	  (PreSens,	  
Germany).	  The	  PreSens	  sensors	  were	  mounted	  onto	  small	  acrylic	  tiles	  and	  affixed	  to	  
the	  inside	  of	  each	  hypoxic	  tank.	  The	  dissolved	  oxygen	  concentration	  was	  recorded	  
from	  the	  microsensors	  using	  a	  PreSens	  Fibox	  4	  trace.	  	  When	  the	  water	  column	  
oxygen	  rose	  above	  2	  mg	  L-­‐1	  the	  CO2-­‐N2	  gas	  was	  bubbled	  in	  briefly	  until	  the	  dissolved	  
oxygen	  concentrations	  were	  lowered	  to	  the	  desired	  concentration	  (≤	  2	  mg	  L-­‐1).	  	  
However,	  after	  the	  initial	  decline	  in	  water	  column	  oxygen,	  the	  need	  to	  further	  
manipulate	  oxygen	  concentrations	  was	  minimal.	  	  Two	  hypoxic	  tanks	  also	  had	  a	  
HOBO	  U26	  Dissolved	  Oxygen	  Logger	  (Onset,	  Cape	  Cod,	  Massachusetts)	  to	  measure	  
temperature	  and	  dissolved	  oxygen	  every	  minute.	  	  At	  the	  beginning	  of	  week	  6,	  the	  
water	  column	  in	  the	  hypoxic	  tanks	  was	  further	  reduced	  to	  anoxia	  (0	  mg	  L-­‐1)	  to	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determine	  if	  the	  shoots	  could	  survive	  anoxia.	  	  The	  other	  six	  tanks	  were	  bubbled	  with	  
ambient	  air	  to	  maintain	  dissolved	  oxygen	  at	  saturation	  (>	  8	  mg	  L-­‐1)	  and	  dissolved	  
inorganic	  carbon	  levels.	  	  The	  oxygen	  concentration	  in	  the	  oxygen-­‐saturated	  tanks	  
was	  monitored	  using	  an	  OX100	  Clark-­‐type	  microelectrode	  and	  PA2000	  
picoammeter	  (Unisense,	  Denmark).	  
	  
Organic	  matter	  addition.	  To	  boost	  the	  levels	  of	  hydrogen	  sulfide	  within	  the	  
sediment	  to	  levels	  expected	  under	  organic	  enrichment,	  agar	  discs	  were	  added	  to	  the	  
bottom	  of	  each	  sediment	  cup.	  Agar	  was	  made	  with	  2.3	  g	  agar	  powder,	  mixed	  with	  
100	  mL	  of	  seawater	  and	  deoxygenated	  with	  nitrogen	  gas	  prior	  to	  cooling	  and	  being	  
poured	  into	  the	  cup.	  	  Once	  the	  agar	  had	  cooled	  completely,	  sediment	  plugs	  
containing	  an	  eelgrass	  shoot	  were	  placed	  on	  top	  of	  the	  agar.	  	  The	  addition	  of	  agar	  
corresponds	  to	  approximately	  0.85	  g	  of	  organic	  carbon.	  Thirty	  holes	  were	  
punctured	  in	  each	  cup	  to	  allow	  for	  pore-­‐water	  exchange.	  Pore-­‐water	  sulfide	  
concentration	  was	  measured	  weekly	  in	  each	  experimental	  cup	  at	  a	  depth	  of	  6	  cm.	  
Sulfide	  was	  measured	  at	  a	  depth	  of	  3	  cm	  each	  week	  in	  one	  cup	  that	  was	  selected	  at	  
random	  to	  document	  the	  depth	  distribution	  of	  sulfide	  in	  the	  sediment	  cups.	  
	  
Growth	  measurements.	  Growth	  rates	  were	  measured	  weekly	  for	  each	  shoot	  
using	  the	  pin-­‐prick	  method	  (Short	  and	  Duarte	  2001).	  	  Shoots	  were	  marked	  along	  the	  
sheath	  using	  a	  23-­‐gauge	  needle.	  After	  five	  days,	  new	  growth	  for	  each	  leaf	  was	  
measured	  as	  the	  distance	  between	  the	  hole	  in	  the	  sheath	  and	  the	  hole	  in	  the	  blade.	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Leaf	  tissue	  above	  the	  holes	  was	  considered	  old	  growth.	  	  Growth	  rates	  were	  
calculated	  as	  the	  total	  new	  growth	  per	  day.	  	  
	  
Photosynthetic	  efficiency.	  To	  assess	  the	  effects	  of	  hypoxia	  on	  eelgrass	  
physiology,	  the	  photosynthetic	  efficiency	  of	  photosystem	  II	  was	  measured	  weekly	  
using	  a	  diving	  pulse-­‐amplitude	  modulated	  fluorometer	  (Heinz	  Walz,	  Effeltrich,	  
Germany).	  	  Plants	  were	  removed	  from	  the	  tanks	  and	  dark	  adapted	  in	  air	  for	  30	  
minutes	  (Beer	  et	  al.	  2001).	  The	  dark	  adaptation	  process	  allowed	  for	  all	  reaction	  
centers	  to	  become	  “open”,	  which	  then	  allowed	  for	  the	  maximal	  quantum	  yield	  of	  
photosystem	  II	  to	  be	  measured,	  the	  ratio	  Fv/Fm.	  	  After	  dark-­‐adaptation,	  the	  
photosynthetic	  efficiency	  was	  measured	  on	  the	  inner	  most	  leaf	  just	  above	  the	  
sheath,	  corresponding	  to	  the	  youngest	  section	  of	  the	  shoot.	  This	  ensured	  that	  the	  
segment	  of	  leaf	  being	  measured	  developed	  during	  the	  previous	  week.	  Measuring	  the	  
same	  section	  of	  leaf	  on	  each	  plant	  likely	  reduced	  variability	  as	  older,	  outer	  leaves	  
naturally	  exhibit	  a	  lower	  photosynthetic	  efficiency	  and	  greater	  variability	  (Durako	  
and	  Kunzelman	  2002).	  
	  
Dissolved	  inorganic	  carbon.	  Dissolved	  inorganic	  carbon	  samples	  were	  
collected	  from	  each	  tank	  at	  the	  conclusion	  of	  the	  experiment,	  to	  assess	  whether	  the	  
oxygen	  manipulation	  affected	  the	  concentration	  of	  inorganic	  carbon	  available	  to	  the	  
plants.	  Water	  samples	  were	  collected	  and	  filtered	  through	  a	  0.2	  μm	  nylon	  filter.	  
Samples	  were	  refrigerated	  at	  2°C	  for	  one	  month	  before	  processing.	  Then,	  dissolved	  
inorganic	  carbon	  concentration	  was	  measured	  by	  use	  of	  an	  Apollo	  SciTech	  AS-­‐C3	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Dissolved	  Inorganic	  Carbon	  Analyzer.	  A	  standard	  curve	  was	  generated	  using	  the	  
certified	  reference	  material	  (Batch	  138,	  A.G.	  Dickson,	  Scripps	  Institute	  of	  
Oceanography).	  
	  
Elemental	  analysis.	  In	  order	  to	  assess	  whether	  hypoxia	  increased	  sulfide	  
intrusion,	  total	  sulfur,	  carbon,	  and	  nitrogen	  content	  of	  rhizome	  and	  leaf	  tissue	  was	  
measured	  using	  an	  Elantech	  Flash	  EA	  1112	  elemental	  analyzer.	  	  From	  each	  shoot,	  
the	  youngest	  section	  of	  rhizome	  tissue,	  and	  attached	  roots	  were	  collected	  (termed	  
below-­‐ground	  tissue).	  The	  leaf	  tissue	  was	  separated	  into	  pre-­‐hypoxic	  and	  post-­‐
hypoxic	  tissue	  using	  the	  growth	  pin-­‐pricks	  as	  guides.	  From	  the	  pre-­‐	  and	  post-­‐
hypoxic	  tissue,	  the	  youngest	  20	  cm	  was	  collected.	  	  
All	  samples	  were	  stored	  frozen	  (-­‐80C)	  and	  then	  were	  dried	  and	  ground	  using	  
a	  mortar	  and	  pestle	  in	  preparation	  for	  elemental	  analysis,	  carbon,	  nitrogen	  and	  
sulfur,	  using	  BBOT	  as	  the	  standard.	  Sample	  masses	  ranged	  from	  3-­‐10	  mg.	  Samples,	  
blanks,	  and	  standards	  were	  run	  with	  10	  mg	  of	  vanadium	  pentoxide	  to	  reduce	  tailing	  
of	  the	  sulfur	  peak.	  	  	  
	   	  
Data	  analysis.	  To	  determine	  if	  there	  was	  any	  trend	  between	  pore-­‐water	  
sulfide	  concentrations	  and	  shoot	  density	  in	  the	  area	  surveyed	  in	  Padilla	  Bay,	  a	  
Spearman’s	  rank	  correlation	  was	  used	  because	  a	  Shapiro-­‐Wilk	  test	  indicated	  that	  
the	  data	  violated	  the	  normality	  assumption.	  	  
	   In	  order	  to	  assess	  the	  effect	  of	  hypoxia	  on	  the	  growth	  rate	  and	  
photosynthetic	  efficiency	  the	  data	  were	  analyzed	  for	  a	  difference	  between	  the	  pre-­‐	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and	  post-­‐hypoxia	  (Pre-­‐H	  and	  Post-­‐H)	  and	  between	  the	  hypoxic	  treatment	  and	  
oxygen-­‐saturated	  controls	  (OSI	  and	  OSII,	  Fig.	  1).	  The	  oxygen-­‐saturated	  controls	  
were	  also	  analyzed	  through	  all	  six	  weeks	  to	  determine	  if	  there	  were	  any	  significant	  
changes	  in	  growth	  rate	  or	  photosynthetic	  efficiency	  of	  eelgrass	  throughout	  the	  
experiment.	  
	   First,	  a	  multiple	  stepwise	  regression	  was	  utilized,	  which	  included	  oxygen-­‐
treatment,	  pore-­‐water	  sulfide,	  light	  level,	  sampling	  date,	  and	  tank	  effects.	  
Independent	  factors	  selected	  by	  use	  of	  AIC	  (Akaike	  Information	  Criterion)	  were	  
analyzed	  in	  a	  multiple	  regression.	  The	  variance	  inflation	  factor	  was	  used	  to	  
determine	  if	  any	  factors	  were	  colinear.	  	  Nominal	  variables	  selected	  by	  the	  multiple	  
stepwise	  regression	  analysis,	  oxygen	  treatment,	  tank,	  and	  week,	  were	  tested	  by	  an	  
ANOVA(R).	  A	  Tukey’s	  HSD	  test	  was	  utilized	  to	  determine	  which	  weeks	  had	  
significantly	  different	  growth	  rates	  in	  the	  hypoxic	  tanks	  (Pre-­‐H	  and	  Post-­‐H).	  	  
	   Analysis	  of	  covariance	  (ANCOVA)	  was	  utilized	  to	  determine	  if	  the	  total	  sulfur,	  
carbon,	  nitrogen,	  or	  carbon:nitrogen	  were	  significantly	  different	  between	  the	  
oxygen	  treatments	  or	  covaried	  with	  pore-­‐water	  sulfide	  concentrations	  in	  any	  of	  the	  
eelgrass	  tissues	  collected.	  Then,	  to	  assess	  the	  effect	  of	  sulfide	  intrusion	  on	  eelgrass,	  
the	  growth	  rate	  and	  photosynthetic	  efficiency	  was	  assessed	  in	  an	  ANCOVA	  with	  
oxygen	  treatment	  as	  a	  fixed	  factor	  and	  belowground	  tissue	  total	  sulfur	  as	  a	  
covariate.	  The	  assumptions	  of	  normality	  and	  equal	  variance	  were	  checked	  by	  
Shapiro-­‐Wilk	  and	  Levene’s	  tests.	  All	  statistics	  were	  calculated	  using	  R.	  	  
	   	  
	  







Oxygen	  Saturated	  I	  (OSI)	  
	  








	   Week	  1	   Week	  2	   Week	  3	   Week	  4	   Week	  5	   Week	  6	  
Figure	  1.	  Experimental	  design.	  The	  effect	  of	  hypoxia	  on	  growth	  rate	  and	  
photosynthetic	  efficiency	  of	  Zostera	  marina	  was	  assessed	  by	  comparing	  the	  change	  
in	  these	  parameters	  after	  the	  onset	  of	  hypoxia	  in	  the	  hypoxic	  tanks	  (Pre-­‐	  versus	  
Post-­‐Hypoxia)	  and	  comparing	  the	  hypoxic	  tanks	  to	  the	  oxygen	  saturated	  (control)	  
tanks	  (Pre-­‐Hypoxia	  versus	  Oxygen	  Saturated	  I;	  Post-­‐Hypoxia	  versus	  Oxygen	  
Saturated	  II).	  The	  hypoxic	  treatment	  was	  induced	  at	  the	  start	  of	  week	  4	  (in	  gray).	  All	  
other	  data	  was	  collected	  under	  an	  oxygen	  saturated	  water	  column.	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Results	  
Sulfide	  inventory	  and	  shoot	  density.	  The	  average	  inventory	  of	  pore-­‐water	  
sulfide	  in	  Padilla	  Bay	  was	  1.14	  mmol	  cm-­‐2.	  There	  was	  a	  wide	  variance	  in	  the	  density	  
of	  eelgrass	  shoots,	  ranging	  from	  3	  to	  62	  shoots	  0.25	  m-­‐2.	  	  Eelgrass	  shoot	  density	  in	  
Padilla	  Bay	  was	  not	  significantly	  correlated	  with	  pore-­‐water	  sulfide	  inventories	  
(Spearman’s	  rank	  correlation:	  S=1283,	  p=0.882,	  Fig.	  2).	  
	  
Experimental	  sulfide	  concentrations.	  The	  experimental	  cups	  exhibited	  large	  
variability	  in	  sulfide	  concentrations.	  Sulfide	  measured	  in	  the	  experiment	  was	  higher	  
than	  what	  was	  found	  in	  Padilla	  Bay,	  with	  an	  average	  concentration	  of	  2.67	  mM	  at	  6	  
cm	  depth.	  Median	  sulfide	  concentrations	  and	  the	  variance	  in	  sulfide	  concentration	  
increased	  throughout	  the	  course	  of	  the	  experiment,	  and	  there	  was	  a	  significant	  
difference	  among	  weeks	  (Fig.	  3,	  ANOVAR:	  F(5,	  95	  DF)=0.7001,	  p=0.0098).	  	  	  The	  sulfide	  
concentration	  was	  not	  statistically	  different	  between	  the	  hypoxic	  treatment	  
experimental	  cups	  and	  the	  oxygen-­‐saturated	  treatments	  (Fig.	  3,	  ANOVAR:	  F(1,	  19)=	  
0.967,	  p=0.338).	  	  
	  
Oxygen	  concentrations.	  The	  oxygen	  concentration	  was	  effectively	  reduced	  in	  
the	  hypoxic	  treatment	  and	  was	  maintained	  well	  below	  saturation	  (Table	  1).	  The	  
oxygen	  concentration	  in	  the	  oxygen-­‐saturated	  tanks	  was	  above	  8	  mg	  L-­‐1.	  	  During	  the	  
hypoxic	  treatment,	  oxygen	  concentration	  ranged	  from	  0-­‐3.35	  mg	  L-­‐1,	  with	  an	  
average	  concentration	  of	  0.91	  mg	  L-­‐1.	  The	  range	  of	  oxygen	  concentrations	  observed	  
in	  the	  hypoxic	  treatment	  was	  due	  to	  the	  photosynthetic	  production	  of	  oxygen	  during	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the	  day	  and	  consumption	  of	  oxygen	  at	  night	  by	  respiration	  occurring	  in	  the	  tanks	  
(Fig.	  4).	  During	  the	  night,	  oxygen	  concentration	  would	  decrease	  in	  hypoxic	  tanks	  to	  
create	  an	  anoxic	  water	  column.	  Prior	  to	  week	  6,	  there	  was	  a	  short	  period	  where	  the	  
dissolved	  oxygen	  in	  all	  tanks	  was	  saturated	  due	  to	  a	  water	  change.	  During	  week	  6	  
the	  oxygen	  concentration	  in	  hypoxic	  tanks	  was	  further	  reduced	  to	  near-­‐anoxic	  
conditions,	  ranging	  from	  0-­‐1	  mg	  L-­‐1,	  with	  an	  average	  concentration	  of	  0.06	  mg	  L-­‐1	  
(Fig.	  4).	  	  
	  
Dissolved	  inorganic	  carbon.	  Dissolved	  inorganic	  carbon	  (DIC)	  ranged	  from	  
1943	  to	  2011	  μmol	  kg-­‐1	  (Table	  1).	  	  The	  DIC	  in	  the	  oxygen-­‐saturated	  tanks,	  which	  
were	  continuously	  bubbled	  with	  atmospheric	  air,	  was	  2%	  lower	  than	  the	  DIC	  in	  the	  
hypoxic	  tanks,	  which	  were	  intermittently	  bubbled	  with	  the	  N2	  plus	  500ppm	  CO2	  gas	  
mixture	  (ANOVA:	  F(1,	  10)=44.25,	  p=5.69x10-­‐5).	  DIC	  was	  collinear	  with	  the	  oxygen	  
treatment	  and	  not	  considered	  in	  the	  growth	  rate	  and	  photosynthetic	  efficiency	  data	  
analyses.	  
	  
Eelgrass	  growth.	  	  The	  rate	  of	  eelgrass	  growth	  in	  the	  oxygen-­‐saturated	  tanks	  
(OSI	  and	  OSII)	  did	  not	  vary	  significantly	  over	  the	  course	  of	  the	  experiment	  (Multiple	  
regression:	  F(4,	  55)=0.719,	  p=0.583,	  Fig.	  5).	  None	  of	  the	  factors	  included	  in	  the	  
multiple	  regression	  significantly	  contributed	  to	  the	  variance	  in	  growth	  rates.	  The	  
growth	  rate	  of	  eelgrass	  also	  did	  not	  significantly	  vary	  between	  OSI	  and	  Pre-­‐H,	  when	  
all	  shoots	  were	  exposed	  to	  an	  oxygen-­‐saturated	  water	  column	  (Multiple	  regression:	  
F(5,	  63)=0.516,	  p=0.763).	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   The	  growth	  rate	  of	  eelgrass	  in	  Post-­‐H	  was	  53.9%	  lower	  than	  the	  growth	  rate	  
observed	  during	  OSII	  (Fig,	  5).	  	  The	  oxygen	  treatment	  accounted	  for	  52%	  of	  the	  
variance	  in	  eelgrass	  growth	  rates	  during	  weeks	  4-­‐6	  (ANOVAR:	  F(1,	  19)=54.95,	  
p=5.10x10-­‐7).	  During	  this	  portion	  of	  the	  experiment,	  week	  accounted	  for	  22%	  of	  the	  
variance	  in	  growth	  rate	  (ANOVAR:	  F(2,	  38)=8.73,	  p=7.61x10-­‐4).	  	  
Similarly,	  there	  was	  a	  decline	  in	  growth	  rate	  after	  the	  onset	  of	  hypoxia	  (Post-­‐
H).	  The	  growth	  rate	  of	  eelgrass	  declined	  from	  23	  mm	  day-­‐1	  in	  Pre-­‐H	  to	  13	  mm	  day-­‐1	  
by	  week	  six	  (Fig.	  5).	  The	  average	  growth	  rate	  of	  eelgrass	  in	  the	  hypoxic	  treatment	  
tanks	  during	  Post-­‐H	  was	  45.7%	  lower	  than	  the	  average	  growth	  rate	  observed	  during	  
the	  oxygen-­‐saturated	  Pre-­‐H.	  	  The	  growth	  rates	  in	  the	  hypoxic	  tanks	  over	  all	  six	  
weeks	  varied	  significantly	  by	  week	  (ANOVA:	  F(1,	  64)=21.70,	  p=1.66x10-­‐5).	  Further	  
analysis	  indicated	  that	  the	  significant	  decline	  in	  growth	  rate	  due	  to	  hypoxia	  did	  not	  
occur	  until	  week	  5	  (Tukey’s	  HSD).	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Figure	  2.	  Relationship	  between	  adult	  Z.	  marina	  shoot	  density	  in	  a	  0.25	  m2	  quadrat	  
and	  pore-­‐water	  sulfide	  inventory	  between	  0	  and	  12	  cm	  sediment	  depths	  at	  the	  
eelgrass	  collection	  site	  in	  Padilla	  Bay,	  Washington	  (n=20).	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Figure	  3.	  Experimental	  sulfide	  concentrations	  (mM)	  by	  week,	  from	  6	  cm	  sediment	  
depth,	  in	  the	  oxygen-­‐saturated	  and	  hypoxic	  treatments.	  The	  hypoxic	  treatment	  was	  
not	  in	  effect	  until	  weeks	  4	  through	  6.	  The	  error	  bars	  indicate	  standard	  error	  and	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Table	  1.	  Oxygen	  concentrations,	  dissolved	  inorganic	  carbon,	  and	  photosynthetically	  







(mg	  L-­‐1	  )	  
Dissolved	  
Inorganic	  Carbon	  
(μmol	  kg-­‐1	  )	  
PAR	  
(μM	  s-­‐1	  m-­‐2	  )	  
1	   Hypoxic	   0.91b	   2002.7	   42.98	  
2	   Hypoxic	   0.91b	   2008.5	   41.27	  
3	   Oxygen	  saturated	   8.32c	   1942.5	   43.92	  
4	   Oxygen	  saturated	   8.45c	   1976.2	   42.34	  
5	   Hypoxic	   0.814a	   1999.97	   29.07	  
6	   Oxygen	  saturated	   8.21c	   1971.2	   29.75	  
7	   Oxygen	  saturated	   8.22c	   1951.5	   28.44	  
8	   Hypoxic	   0.91b	   2010.9	   35.65	  
9	   Hypoxic	   0.91b	   1996.9	   29.88	  
10	   Oxygen	  saturated	   8.15c	   1938.1	   25.42	  
11	   Hypoxic	   1.02a	   1996.2	   33.13	  
12	   Oxygen	  saturated	   8.21c	   1963.6	   25.75	  
a	  Data	  collected	  from	  the	  HOBO	  U26	  sondes	  from	  that	  tank	  
b	  Data	  averaged	  from	  the	  2	  sondes	  that	  were	  located	  in	  tanks	  5	  and	  11	  
c	  Oxygen	  concentration	  data	  from	  oxygen	  saturated	  tanks	  collected	  by	  Unisense	  
microelectrode,	  average	  of	  3	  data	  points	  
	   	  
	  




Figure	  4.	  Dissolved	  oxygen	  (black	  solid	  line)	  and	  temperature	  (blue	  dashed	  line)	  
from	  Tank	  5	  during	  the	  hypoxic	  period	  (Post-­‐H)	  of	  the	  experiment,	  data	  collected	  
using	  a	  HOBO	  U26	  data	  logger.	  The	  two	  spikes	  in	  dissolved	  oxygen	  concentration	  
are	  the	  initial	  (saturated)	  concentration	  from	  before	  the	  onset	  of	  hypoxia	  and	  from	  a	  
water	  change	  at	  the	  start	  of	  week	  6.	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Figure	  5.	  Growth	  rates	  of	  Z.	  marina	  shoots	  (mm	  day-­‐1)	  for	  each	  week	  in	  the	  oxygen-­‐
saturated	  and	  hypoxic	  treatments.	  During	  weeks	  1-­‐3	  all	  tanks	  were	  maintained	  at	  
oxygen-­‐saturation,	  in	  weeks	  4	  through	  6	  the	  hypoxic	  treatment	  was	  in	  effect.	  	  The	  *	  
indicates	  that	  the	  growth	  rate	  in	  the	  hypoxic	  treatment	  during	  week	  5	  was	  
significantly	  different	  from	  than	  during	  weeks	  1-­‐3,	  additionally	  the	  growth	  rate	  in	  
the	  hypoxic	  treatment	  during	  weeks	  4-­‐6	  was	  significantly	  different	  than	  in	  the	  
oxygen	  saturated	  treatment.	  The	  error	  bars	  indicate	  standard	  error	  and	  the	  points	  
indicate	  the	  mean	  (n=12).	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Photosynthetic	  efficiency.	  	  Photosynthetic	  efficiency	  was	  also	  significantly	  
reduced	  by	  hypoxia.	  In	  the	  oxygen-­‐saturated	  treatments	  the	  photosynthetic	  
efficiency	  did	  not	  vary	  significantly	  throughout	  the	  duration	  of	  the	  experiment	  
(Multiple	  regression:	  F(4,	  45)=0.871,	  p=0.487,	  Fig.	  6).	  Similarly	  there	  was	  no	  
significant	  difference	  in	  photosynthetic	  efficiencies	  between	  Pre-­‐H	  and	  OSI	  (Multiple	  
regression:	  F(5,	  36)=0.853,	  p=0.522).	  	  However,	  the	  average	  photosynthetic	  efficiency	  
of	  eelgrass	  shoots	  during	  Post-­‐H	  decreased	  from	  an	  average	  of	  0.77	  to	  0.71	  (Fig.	  6).	  
Photosynthetic	  efficiency	  varied	  greatly	  among	  shoots	  in	  Post-­‐H,	  with	  some	  shoots	  
exhibiting	  photosynthetic	  efficiencies	  as	  low	  as	  0.54.	  In	  contrast,	  there	  was	  little	  
variation	  in	  the	  photosynthetic	  efficiencies	  of	  shoots	  in	  OSI,	  OSII,	  and	  Pre-­‐H.	  
Between	  Pre-­‐H	  and	  Post-­‐H,	  72%	  of	  variance	  in	  photosynthetic	  efficiency	  was	  due	  to	  
an	  interaction	  between	  tank	  and	  week	  effects	  (ANOVAR:	  F(20,	  20)=4.09,	  p=1.36x10-­‐3).	  
Visual	  examination	  of	  the	  data	  indicates	  that	  the	  photosynthetic	  efficiencies	  of	  
shoots	  in	  tanks	  1	  and	  2	  during	  week	  6	  had	  wide	  variances	  and	  likely	  caused	  this	  
interaction.	  	  
Similarly,	  the	  photosynthetic	  efficiency	  in	  Post-­‐H	  experiment	  was	  
significantly	  lower	  than	  in	  OSII	  (Multiple	  regression:	  t=5.59,	  p=6.31x10-­‐7).	  	  The	  
variances	  in	  photosynthetic	  efficiency	  between	  the	  shoots	  were	  also	  partly	  due	  to	  
tank,	  light	  and	  week	  effects	  (tTank=3.65,	  pTank=5.72x10-­‐4,	  tWeek=-­‐4.32,	  pWeek=6.20x10-­‐5,	  
tLight=2.34,	  pLight=0.0228).	  However,	  the	  light	  effect	  was	  collinear	  with	  the	  tank	  effect	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Figure	  6.	  Photosynthetic	  efficiency	  (Fv/Fm)	  of	  Z.	  marina	  shoots	  for	  each	  week	  in	  the	  
oxygen	  saturated	  and	  hypoxic	  treatments.	  There	  are	  no	  data	  from	  week	  3.	  In	  weeks	  
1	  through	  3	  all	  shoots	  were	  under	  an	  oxygen-­‐saturated	  water	  column.	  In	  weeks	  4	  
through	  6	  the	  hypoxic	  treatment	  was	  in	  effect.	  The	  *	  indicates	  that	  the	  
photosynthetic	  efficiency	  of	  the	  shoots	  in	  the	  hypoxic	  treatment	  in	  weeks	  4-­‐6	  was	  
significantly	  different	  than	  in	  the	  hypoxic	  treatment	  in	  weeks	  1-­‐3	  and	  in	  the	  oxygen	  
saturated	  treatment	  in	  weeks	  4-­‐6.	  Error	  bars	  indicate	  standard	  error	  and	  points	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Total	  sulfur.	  Total	  sulfur	  content	  was	  between	  0.5	  and	  1%	  in	  all	  tissues.	  The	  
total	  sulfur	  in	  the	  leaf	  tissues	  did	  not	  significantly	  vary	  with	  the	  concentration	  of	  
pore-­‐water	  sulfide	  (Regression:	  Sulfur	  in	  leaves	  weeks	  1-­‐3,	  F(1,	  17)=0.006,	  p=0.749,	  
weeks	  4-­‐6,	  F(1,	  19)=0.588,	  p=0.453).	  	  
	   Total	  sulfur	  was	  higher	  in	  the	  below-­‐ground	  tissue	  of	  shoots	  exposed	  to	  
hypoxia	  compared	  to	  those	  growing	  under	  oxygen	  saturation,	  regardless	  of	  pore-­‐
water	  sulfide	  concentration	  (Fig.	  7,	  ANCOVA:	  Oxygen	  treatment	  effect,	  F(1,	  18)=7.35,	  
p=0.014,	  Sulfide	  effect,	  F(1,	  18)=0.0091,	  p=0.925).	  Furthermore,	  eelgrass	  growth	  
negatively	  correlated	  with	  the	  below-­‐ground	  tissue	  total	  sulfur	  content	  (Regression:	  
F(1,	  19)=5.32,	  p=0.0326,	  R2=0.218,	  Fig.	  8).	  However,	  when	  oxygen	  treatment	  is	  also	  
considered	  as	  a	  factor	  there	  is	  no	  affect	  of	  sulfur	  in	  below-­‐ground	  tissue	  on	  the	  
growth	  of	  eelgrass	  shoots	  (ANCOVA:	  Oxygen	  treatment,	  F(1,	  18)=20.97,	  p=0.00023,	  
Sulfur	  content,	  F(1,	  18)=0.304,	  p=0.588).	  Photosynthetic	  efficiency	  was	  not	  affected	  by	  
total	  sulfur	  content	  in	  below-­‐ground	  tissue,	  when	  analyzed	  alone	  or	  with	  oxygen	  
treatment	  (Regression:	  F(1,	  18)=0.002,	  p=0.97,	  Fig.	  9).	  
	  
Total	  nitrogen	  and	  carbon.	  	  Total	  carbon	  ranged	  from	  21	  to	  48%	  in	  all	  
eelgrass	  tissues	  collected.	  Total	  nitrogen	  ranged	  from	  0.6	  to	  3.5%.	  The	  C:N	  ratio	  was	  
between	  13	  and	  37.	  	  There	  was	  no	  significant	  effect	  of	  oxygen	  treatment	  on	  total	  
carbon,	  nitrogen,	  or	  the	  C:N	  ratio	  in	  any	  of	  the	  tissues,	  and	  pore-­‐water	  sulfide	  was	  
not	  a	  significant	  covariate.	  	  	  
	   	  
	  
	   26	  
	  
Figure	  7.	  Total	  sulfur	  (%)	  in	  the	  below-­‐ground	  tissue	  of	  Z.	  marina	  versus	  sulfide	  
concentration	  (mM)	  in	  week	  6.	  There	  is	  no	  significant	  trend	  with	  increasing	  pore-­‐
water	  sulfide	  and	  total	  sulfur	  content	  (sulfide	  intrusion)	  but	  there	  is	  a	  difference	  in	  
sulfur	  content	  between	  the	  oxygen-­‐saturated	  and	  hypoxic	  treatments.	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Figure	  8.	  Growth	  rate	  of	  Z.	  marina	  shoots	  (mm	  day-­‐1)	  during	  week	  6	  versus	  total	  
sulfur	  content	  (%)	  in	  the	  below-­‐ground	  tissue.	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Figure	  9.	  Photosynthetic	  efficiency	  of	  Z.	  marina	  shoots	  versus	  total	  sulfur	  (%)	  in	  the	  
below-­‐ground	  tissue.	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Discussion	  
Hypoxia	  clearly	  reduced	  eelgrass	  growth	  and	  photosynthetic	  efficiency.	  But,	  
the	  hypothesis	  that	  pore-­‐water	  sulfide	  would	  reduce	  the	  growth	  rate	  and	  
photosynthetic	  efficiency	  was	  not	  supported.	  Although	  hypoxia	  did	  facilitate	  the	  
intrusion	  of	  sulfide	  into	  the	  shoots,	  sulfur	  content	  of	  below-­‐ground	  tissues	  was	  not	  
correlated	  with	  photosynthetic	  efficiency	  or	  with	  growth	  rate	  when	  the	  oxygen	  
treatment	  was	  included	  as	  a	  factor.	  	  
	   Previous	  studies	  have	  also	  observed	  reductions	  in	  photosynthetic	  activity	  
and	  growth	  rates	  of	  eelgrass	  under	  hypoxia	  (Riggs	  1995,	  Holmer	  and	  Bondgaard	  
2001,	  Pulido	  and	  Borum	  2010).	  	  Riggs	  (1995)	  found	  that	  hypoxia	  led	  to	  lower	  
photosynthetic	  rates,	  and	  this	  response	  was	  a	  function	  of	  temperature	  and	  duration	  
of	  exposure.	  However,	  in	  this	  experiment	  the	  exposure	  to	  hypoxia	  was	  done	  entirely	  
in	  the	  dark,	  which	  in	  some	  trials	  was	  up	  to	  5	  days.	  Similarly,	  Pulido	  and	  Borum	  
(2010)	  found	  that	  anoxia	  led	  to	  decreases	  in	  photosynthetic	  efficiency.	  This	  again	  
was	  a	  function	  of	  time	  and	  temperature	  with	  significant	  decreases	  in	  photosynthetic	  
efficiency	  after	  12	  hours	  at	  20°C,	  and	  was	  also	  conducted	  entirely	  in	  the	  dark.	  
Finally,	  Holmer	  and	  Bondgaard	  (2001)	  saw	  decreases	  in	  photosynthetic	  rates	  after	  6	  
days	  of	  exposure	  to	  hypoxia.	  However,	  in	  this	  study,	  hypoxic	  conditions	  were	  only	  
manipulated	  when	  plants	  were	  sampled	  every	  3-­‐7	  days	  and	  not	  monitored	  
throughout	  the	  experiment.	  	  These	  studies	  provide	  insight	  into	  the	  potential	  effect	  of	  
hypoxia	  on	  eelgrass,	  but	  are	  be	  difficult	  to	  interpret	  with	  respect	  to	  the	  present	  
study	  where	  eelgrass	  were	  exposed	  to	  more	  constant	  hypoxia	  with	  a	  natural	  light	  
cycle.	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   Despite	  these	  differences,	  there	  was	  still	  a	  reduction	  in	  the	  photosynthetic	  
efficiency	  of	  the	  eelgrass	  exposed	  to	  the	  hypoxic	  water	  column	  (Fig	  6).	  However,	  
there	  was	  a	  lag	  between	  the	  initial	  exposure	  to	  hypoxia	  and	  a	  response	  in	  the	  
eelgrass.	  The	  photosynthetic	  efficiency	  was	  not	  significantly	  reduced	  until	  the	  
second	  week	  of	  exposure	  to	  hypoxia	  (Week	  5).	  This	  lag	  suggests	  that	  short	  or	  
intermittent	  hypoxic	  conditions	  might	  not	  be	  harmful	  to	  eelgrass	  shoots	  in	  the	  field.	  	  	  
Another	  difference	  between	  this	  study	  and	  previous	  work	  is	  that	  the	  temperature	  in	  
this	  experiment	  between	  12	  and	  14°C,	  was	  cooler	  than	  much	  of	  the	  previous	  work.	  
Higher	  temperatures	  exacerbate	  the	  negative	  effects	  of	  hypoxia	  on	  eelgrass	  (Riggs	  
1995,	  Pulido	  and	  Borum	  2010).	  This	  is	  likely	  due	  to	  increases	  in	  cellular	  respiration	  
and	  enzyme	  activity	  with	  increasing	  temperature.	  	  
The	  reduction	  in	  eelgrass	  photosynthetic	  activity	  is	  probably	  not	  due	  to	  
direct	  damage	  from	  hypoxia	  but	  instead	  due	  to	  the	  inhibition	  of	  repair	  to	  the	  
photosystems	  due	  to	  environmental	  stress	  (Murata	  et	  al.	  2007).	  	  Photosystems	  
experience	  damage	  during	  photosynthesis	  due	  to	  high	  use	  and	  the	  production	  of	  
reactive	  oxygen	  species	  (Melis	  1999).	  	  Proteins	  in	  the	  photosystems	  are	  replaced	  
frequently	  in	  order	  to	  repair	  photosystem	  II.	  	  	  However,	  when	  damage	  occurs	  faster	  
than	  protein	  synthesis,	  the	  rate	  of	  photosynthesis	  is	  reduced	  (Melis	  1999).	  	  Hypoxia	  
can	  prevent	  the	  synthesis	  of	  new	  proteins	  (Murata	  et	  al.	  2007).	  Furthermore,	  
damage	  to	  photosystem	  II	  can	  occur	  in	  the	  dark	  under	  hypoxic	  conditions.	  This	  has	  
been	  shown	  to	  occur	  in	  terrestrial	  plants	  that	  have	  been	  submerged,	  to	  limit	  oxygen	  
availability,	  in	  the	  dark,	  and	  has	  the	  potential	  to	  occur	  in	  eelgrass	  (Fan	  et	  al.	  2014).	  
In	  this	  experiment,	  the	  reduction	  in	  photosynthetic	  efficiency	  in	  eelgrass	  under	  the	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hypoxic	  treatment	  is	  consistent	  with	  the	  inhibition	  of	  repair	  to	  damaged	  proteins	  in	  
photosystem	  II.	  	  
Hypoxia	  also	  led	  to	  a	  decline	  in	  the	  growth	  rate	  of	  eelgrass	  shoots.	  However,	  
as	  seen	  with	  the	  photosynthetic	  efficiency,	  there	  was	  a	  lag	  between	  exposure	  to	  
hypoxia	  and	  a	  reduction	  in	  growth	  rate.	  Pulido	  and	  Borum	  (2010)	  and	  Holmer	  and	  
Bondgaard	  (2001)	  also	  observed	  reduced	  leaf	  elongation	  rates	  when	  eelgrass	  shoots	  
were	  exposed	  to	  anoxic	  and	  hypoxic	  water	  columns.	  	  The	  decline	  in	  eelgrass	  growth	  
rates	  under	  the	  hypoxic	  treatment	  is	  most	  likely	  due	  to	  this	  damage	  to	  photosystem	  
II	  and	  decreased	  photosynthetic	  efficiency.	  The	  decrease	  in	  photosynthetic	  
efficiency	  may	  have	  produced	  a	  decline	  in	  net	  energy	  produced	  from	  
photosynthesis.	  However,	  the	  decline	  in	  growth	  rate	  was	  only	  significant	  in	  week	  5,	  
and	  eelgrass	  may	  be	  able	  to	  mitigate	  some	  of	  the	  negative	  effects	  of	  hypoxia.	  	  At	  
night,	  eelgrass	  tissues	  rely	  on	  oxygen	  from	  the	  water	  column	  to	  maintain	  aerobic	  
respiration	  (Borum	  et	  al.	  2006).	  In	  the	  hypoxic	  treatment,	  eelgrass	  tissues	  may	  have	  
become	  anoxic	  at	  night,	  forcing	  anaerobic	  metabolism	  to	  occur.	  Whereas	  anaerobic	  
metabolism	  is	  much	  less	  efficient	  than	  aerobic	  metabolism,	  Zostera	  marina	  can	  
utilize	  metabolic	  pathways	  that	  reduce	  this	  energy	  deficit	  and	  protect	  it	  from	  
harmful	  byproducts	  associated	  with	  anaerobic	  metabolism	  (Hasler-­‐Sheetal	  et	  al.	  
2015).	  	  A	  number	  of	  metabolic	  shunts	  that	  are	  utilized	  during	  anaerobic	  metabolism	  
have	  been	  identified	  in	  Z.	  marina,	  which	  are	  more	  favorable	  than	  fermentation	  
pathways.	  Metabolic	  shunts	  are	  alternative	  metabolic	  pathways	  that	  can	  be	  
upregulated	  or	  activated	  under	  certain	  cellular	  conditions.	  	  In	  this	  case	  the	  shunts	  
are	  activated	  under	  hypoxia	  and	  pyruvate	  is	  directed	  through	  these	  pathways	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instead	  of	  through	  fermentation	  pathways	  (Saffran	  1990,	  Van	  Dongen	  et	  al.	  2011).	  
The	  shunts	  utilized	  in	  eelgrass	  during	  anaerobic	  metabolism	  include	  the	  2-­‐
oxogluterate,	  GABA	  and	  alanine	  shunts.	  Increases	  in	  2-­‐oxogluterate-­‐shunt	  activity	  in	  
the	  leaves	  increases	  the	  amount	  of	  ATP	  produced	  during	  anaerobic	  metabolism	  and	  
helps	  minimize	  the	  energy	  deficit	  associated	  with	  anaerobic	  metabolism.	  The	  GABA	  
shunt	  is	  activated	  by	  changes	  in	  cellular	  pH	  during	  hypoxia	  and	  consumes	  protons,	  
reducing	  cystolic	  acidification	  (Van	  Dongen	  et	  al.	  2011,	  Hasler-­‐Sheetal	  et	  al.	  2015).	  
The	  alanine	  shunt	  becomes	  upregulated	  under	  hypoxia,	  which	  increases	  gene	  
expression	  of	  the	  alanine	  aminotransferase	  enzyme	  (Van	  Dongen	  et	  al.	  2011).	  The	  
alanine	  shunt	  consumes	  pyruvate	  preventing	  it	  from	  being	  converted	  into	  lactate	  or	  
ethanol,	  which	  can	  become	  toxic	  to	  cells	  (Hasler-­‐Sheetal	  et	  al.	  2015).	  Furthermore,	  
the	  increased	  production	  of	  alanine	  allows	  for	  storage	  of	  carbon	  and	  nitrogen	  in	  the	  
cells	  that	  can	  be	  utilized	  when	  oxic	  conditions	  return	  (Hasler-­‐Sheetal	  et	  al.	  2015).	  	  
Additionally,	  Zostera	  marina	  does	  not	  exhibit	  the	  Pasteur	  effect	  in	  the	  roots,	  where	  
glucose	  is	  consumed	  more	  rapidly	  under	  anaerobic	  conditions	  as	  a	  mechanism	  for	  
producing	  more	  ATP	  (Smith	  et	  al.	  1988).	  	  The	  ability	  of	  Zostera	  marina	  to	  make	  up	  
for	  energy	  lost	  under	  anaerobic	  metabolism,	  protect	  itself	  from	  the	  toxins	  produced	  
by	  anaerobic	  metabolism,	  and	  store	  carbon	  for	  use	  when	  photosynthesis	  resumes	  
may	  explain	  why	  there	  was	  not	  an	  increase	  in	  mortality	  in	  the	  hypoxic	  treatment	  
despite	  a	  reduction	  of	  growth	  rates.	  The	  carbon	  and	  nitrogen	  stores	  from	  the	  
alanine	  shunt	  may	  also	  minimize	  declines	  in	  growth	  because	  extra	  carbon	  and	  
nitrogen	  is	  available	  to	  direct	  towards	  new	  plant	  tissues,	  even	  if	  photosynthesis	  is	  
reduced.	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In	  conjunction	  with	  hypoxia,	  Holmer	  and	  Bondgaard	  (2001)	  also	  studied	  the	  
effect	  of	  hydrogen	  sulfide	  on	  eelgrass.	  But	  in	  this	  study	  eelgrass	  shoots	  were	  kept	  in	  
a	  low-­‐oxygen	  sulfide	  solution	  for	  three	  weeks.	  Eelgrass	  photosynthesis	  and	  growth	  
rates	  were	  negatively	  impacted	  by	  low	  oxygen	  conditions	  and	  further	  reduced	  in	  the	  
presence	  of	  sulfide	  (Holmer	  and	  Bondgaard	  2001).	  	  This	  indicates	  that	  hypoxia	  
alone	  may	  negatively	  impact	  eelgrass,	  but	  the	  reduction	  in	  growth	  rate	  and	  
photosynthetic	  efficiency	  may	  be	  exacerbated	  with	  exposure	  to	  sulfide.	  	  However,	  
because	  the	  entire	  shoots	  were	  exposed	  to	  the	  sulfide	  solution,	  sulfide	  was	  able	  to	  
intrude	  into	  the	  plant	  across	  all	  surfaces,	  whereas	  in	  nature,	  sulfide	  would	  only	  
intrude	  via	  the	  root	  tips.	  Further,	  anoxia	  due	  to	  the	  presence	  of	  sulfide	  in	  solution	  
may	  have	  further	  facilitated	  the	  intrusion	  of	  sulfide	  into	  the	  shoots.	  	  
In	  contrast	  to	  previous	  work,	  this	  present	  study	  assessed	  how	  water-­‐column	  
hypoxia	  and	  sediment	  pore-­‐water	  sulfide	  may	  interactively	  affect	  eelgrass.	  The	  
organic	  enrichment	  elevated	  pore-­‐water	  sulfide	  to	  concentrations	  similar	  to	  sites	  in	  
the	  Puget	  Sound	  with	  organic	  enrichment	  or	  where	  eelgrass	  has	  been	  declining	  or	  
lost	  (Elliott	  et	  al.	  2006,	  Dooley	  et	  al.	  2013).	  However,	  even	  at	  these	  elevated	  
concentrations	  and	  with	  the	  presence	  of	  hypoxia,	  there	  was	  no	  significant	  effect	  of	  
pore-­‐water	  sulfide	  on	  the	  growth	  rate	  or	  photosynthetic	  efficiency	  of	  the	  eelgrass	  
shoots.	  Intrusion	  of	  sulfide	  was	  higher	  in	  below-­‐ground	  tissues	  under	  the	  hypoxic	  
water	  column	  and	  growth	  rate	  was	  significantly	  lower	  in	  those	  shoots	  with	  higher	  
sulfide	  intrusion	  when	  oxygen	  treatment	  was	  not	  also	  considered	  as	  a	  factor.	  	  	  But	  
compared	  to	  sulfide	  intrusion,	  dissolved	  oxygen	  concentration	  had	  a	  much	  greater	  
	  
	   34	  
effect	  on	  growth.	  Perhaps	  this	  is	  because	  water	  column	  oxygen	  levels	  influence	  
growth	  through	  several	  mechanisms	  in	  addition	  to	  sulfide	  intrusion.	  
	   Pore-­‐water	  sulfide	  oxidation	  in	  the	  rhizosphere	  is	  controlled	  by	  oxygen	  
availability	  in	  the	  water	  column.	  	  During	  the	  day,	  photosynthesis	  maintains	  internal	  
oxygen	  concentrations	  and	  creates	  oxic	  microspheres	  (Borum	  et	  al.	  2005).	  These	  
oxic	  microspheres	  can	  be	  maintained	  at	  night	  as	  long	  as	  the	  water	  column	  is	  
oxygenated,	  through	  the	  diffusion	  of	  oxygen	  from	  the	  water	  column	  into	  the	  plant	  
and	  down	  to	  the	  roots	  (Pedersen	  et	  al.	  2004,	  Borum	  et	  al.	  2005,	  Jensen	  et	  al.	  2005).	  	  
A	  water	  column	  oxygen	  concentration	  that	  is	  greater	  than	  35%	  air	  saturation	  can	  be	  
sufficient	  to	  maintain	  internal	  oxygen	  concentrations	  that	  prevent	  sulfide	  intrusion	  
(Pedersen	  et	  al.	  2004).	  In	  this	  experiment	  the	  oxygen	  concentration	  in	  the	  hypoxic	  
tanks	  was	  below	  20%	  air	  saturation,	  which	  should	  be	  low	  enough	  for	  sulfide	  
intrusion	  to	  occur.	  	  The	  results	  indicate	  that	  oxygen	  concentration	  may	  be	  more	  
important	  than	  pore-­‐water	  sulfide	  concentration	  as	  a	  potential	  stressor	  on	  eelgrass.	  	  
Water	  column	  oxygen	  might	  also	  be	  more	  important	  than	  pore-­‐water	  sulfide	  
concentration	  in	  determining	  sulfide	  intrusion.	  	  Sulfide	  intrusion	  strongly	  varied	  
with	  water-­‐column	  oxygen,	  but	  not	  with	  pore-­‐water	  sulfide	  concentration.	  	  Another	  
explanation	  for	  the	  lack	  of	  correlation	  between	  sulfide	  intrusion	  and	  was	  pore-­‐
water	  sulfide	  concentration	  is	  that	  sediments	  are	  heterogeneous	  and	  the	  presence	  of	  
eelgrass	  roots	  can	  also	  alter	  the	  sediment	  chemistry	  on	  a	  small	  spatial	  scale	  
(Deborde	  et	  al.	  2008).	  The	  pore-­‐water	  samples	  used	  to	  monitor	  sulfide	  
concentrations	  in	  the	  sediment	  cups	  might	  not	  have	  been	  representative	  of	  the	  
sulfide	  concentration	  in	  the	  vicinity	  of	  the	  root	  tips.	  Further,	  variation	  in	  root	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morphology,	  such	  as	  differing	  root	  lengths	  or	  amount	  of	  aerenchyma	  tissue	  to	  hold	  
and	  transport	  oxygen,	  may	  have	  also	  affected	  the	  intrusion	  of	  sulfide.	  	  
Sulfide	  that	  has	  intruded	  is	  known	  to	  inhibit	  cytochrome	  c-­‐oxidase,	  which	  is	  
important	  in	  aerobic	  respiration	  (Allam	  and	  Hollis	  1972,	  Bagarinao	  1992,	  Raven	  and	  
Scrimgeuor	  1997).	  	  However,	  under	  hypoxia	  at	  night,	  when	  sulfide	  intrusion	  is	  likely	  
to	  occur,	  aerobic	  respiration	  would	  not	  be	  occurring,	  and	  therefore	  cytochrome	  c-­‐
oxidase	  would	  not	  be	  active	  (Schlüter	  and	  Crawford	  2001).	  This	  decreased	  activity	  
of	  cytochrome	  c-­‐oxidase	  may	  safeguard	  eelgrass	  shoots	  from	  sulfide	  toxicity	  at	  night	  
during	  periods	  of	  hypoxia	  or	  anoxia,	  when	  intrusion	  is	  occurring.	  Sulfide	  that	  has	  
intruded	  into	  eelgrass	  can	  be	  mitigated	  internally	  through	  oxidation	  of	  sulfide	  to	  
elemental	  sulfur	  or	  potentially	  sulfate,	  or	  the	  incorporation	  of	  sulfide	  into	  organic	  
sulfur	  and	  thiols	  (Holmer	  and	  Hasler-­‐Sheetal	  2014).	  	  In	  this	  experiment,	  the	  sulfide	  
that	  intruded	  into	  below-­‐ground	  tissues	  in	  the	  hypoxic	  shoots,	  possibly	  did	  not	  
interfere	  with	  cytochrome	  c-­‐oxidase	  because	  the	  tissue	  was	  anoxic	  and	  undergoing	  
anaerobic	  metabolism	  at	  the	  time	  of	  intrusion.	  The	  sulfide	  was	  likely	  oxidized	  when	  
photosynthesis	  resumed,	  and	  therefore	  neutralized	  to	  a	  non-­‐toxic	  species	  of	  sulfur.	  	  
	   Another	  consideration	  is	  that	  the	  enhanced	  sulfide	  intrusion	  under	  hypoxia	  
was	  only	  observed	  in	  the	  below-­‐ground	  tissues	  of	  eelgrass,	  but	  sulfide	  likely	  would	  
need	  to	  intrude	  into	  leaf	  tissue	  to	  have	  an	  effect	  on	  growth	  or	  photosynthetic	  
efficiency.	  Perhaps	  other	  eelgrass	  parameters,	  like	  the	  non-­‐structural	  carbohydrate	  
reserves,	  changes	  in	  below-­‐ground	  morphology	  would	  be	  affected	  by	  intrusion	  
localized	  in	  the	  below-­‐ground	  tissues	  (Holmer	  and	  Bondgaard	  2001,	  Kilminister	  et	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al.	  2008).	  However,	  the	  conditions	  necessary	  for	  sulfide	  to	  intrude	  into	  above-­‐
ground	  tissue	  are	  not	  well	  understood.	  	  
	   Light	  and	  dissolved	  inorganic	  carbon	  were	  also	  measured	  and	  considered	  in	  
the	  analyses	  but	  did	  not	  account	  for	  the	  observed	  declines	  in	  growth	  or	  
photosynthetic	  efficiency.	  Light	  levels	  in	  the	  experiment	  were	  lower	  (average	  31	  μM	  
photons	  s-­‐1	  m-­‐2)	  than	  those	  previously	  measured	  for	  saturated	  photosynthesis	  (100	  
μM	  photons	  s-­‐1	  m-­‐2)	  in	  Zostera	  marina	  (Dennison	  and	  Alberte	  1982).	  However,	  the	  
light	  levels	  were	  above	  the	  compensation	  irradiance	  (10	  μM	  photons	  s-­‐1	  m-­‐2,	  
Dennison	  and	  Alberte	  1982),	  similar	  to	  a	  deep-­‐water	  eelgrass	  habitat	  where	  hypoxia	  
might	  occur.	  The	  variations	  in	  light	  levels	  were	  not	  found	  to	  significantly	  impact	  
growth	  or	  the	  photosynthetic	  efficiency	  of	  the	  shoots.	  Zostera	  marina	  can	  adapt	  to	  
and	  withstand	  extended	  periods	  of	  limited	  light	  and	  still	  remain	  healthy	  (Kraemer	  
and	  Alberte	  1995,	  Mazzella	  and	  Alberte	  1986,	  Biber	  et	  al.	  2005).	  	  
The	  concentration	  of	  DIC	  was	  2%	  higher	  in	  the	  hypoxic	  treatment	  compared	  
to	  the	  oxygen-­‐saturated	  treatment.	  Given	  an	  alkalinity	  of	  2150	  μmol	  kg-­‐1	  seawater	  
the	  difference	  in	  average	  DIC	  would	  be	  accounted	  for	  by	  the	  difference	  in	  CO2	  in	  the	  
treatments	  (500	  ppm	  versus	  approximately	  400	  ppm)	  (CO2SYS,	  Pierrot	  et	  al.	  2006).	  
Nevertheless,	  the	  range	  of	  DIC	  in	  both	  treatments	  was	  within	  the	  range	  observed	  
throughout	  Puget	  Sound	  (Feely	  et	  al.	  2010).	  Since	  the	  treatments	  with	  reduced	  
growth	  rates	  actually	  had	  higher	  levels	  of	  DIC,	  DIC	  limitation	  was	  not	  responsible	  for	  
the	  observed	  reduction	  in	  growth	  and	  photosynthetic	  efficiency	  in	  the	  hypoxic	  
treatments.	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   One	  additional	  factor	  that	  might	  have	  impacted	  these	  results	  is	  flow.	  In	  the	  
hypoxic	  treatment,	  gas	  was	  not	  continuously	  pumped	  into	  the	  tanks,	  which	  might	  
have	  reduced	  the	  rate	  of	  flow	  in	  the	  hypoxic	  tanks.	  The	  internal	  oxygen	  
concentration	  of	  eelgrass	  reflects	  not	  only	  the	  water	  column	  oxygen	  concentration,	  
but	  also	  flow,	  which	  affects	  the	  thickness	  of	  the	  diffusive	  boundary	  layer	  
surrounding	  eelgrass	  shoots	  (Pedersen	  et	  al.	  2004,	  Binzer	  et	  al.	  2005,	  Borum	  et	  al.	  
2005).	  If	  flow	  was	  reduced	  in	  the	  hypoxic	  treatment,	  this	  could	  have	  inhibited	  the	  
diffusion	  of	  oxygen	  into	  the	  eelgrass	  shoots	  and	  facilitated	  the	  intrusion	  of	  sulfide	  
into	  the	  below-­‐ground	  tissues,	  especially	  at	  night.	  Thus,	  the	  observed	  sulfide	  
intrusion	  in	  below-­‐ground	  tissue	  might	  be	  due	  to	  a	  combination	  of	  the	  low	  oxygen	  
concentration	  in	  the	  water	  column,	  and	  perhaps	  a	  reduction	  of	  flow,	  which	  would	  
have	  reduced	  diffusion	  of	  oxygen	  into	  the	  shoots	  at	  night.	  Additionally,	  the	  
difference	  in	  flow	  may	  have	  affected	  the	  pH	  at	  the	  surface	  of	  the	  eelgrass	  blades	  and	  
the	  uptake	  of	  DIC	  and	  other	  substances	  (Hurd	  2015).	  This	  may	  have	  other	  impacts	  
on	  the	  rates	  of	  photosynthesis	  and	  cellular	  processes,	  and	  could	  have	  affected	  the	  
results.	  However,	  eelgrass	  beds	  can	  reduce	  currents	  and	  have	  lower	  flow,	  so	  the	  
reduction	  in	  flow	  in	  the	  hypoxic	  treatment	  may	  actually	  be	  more	  representative	  of	  
what	  would	  occur	  within	  an	  eelgrass	  bed	  (Fonseca	  et	  al.	  1982,	  Lacy	  and	  Wyllie-­‐
Echeverria	  2011).	  The	  effect	  of	  flow	  on	  internal	  oxygen	  concentrations	  especially	  
under	  a	  hypoxic	  water	  column	  should	  be	  further	  investigated.	  
	   Finally,	  there	  are	  other	  parameters	  that	  were	  not	  measured	  and	  not	  included	  
in	  the	  analyses	  that	  might	  have	  impacted	  the	  growth	  rates,	  photosynthetic	  
efficiency,	  or	  effects	  of	  sulfide	  and	  hypoxia.	  	  The	  pH	  of	  the	  pore-­‐water	  was	  not	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measured,	  but	  could	  have	  significantly	  affected	  the	  species	  of	  sulfide	  found	  in	  the	  
sediments.	  The	  sulfide	  measured	  was	  the	  total	  sulfide,	  but	  there	  are	  several	  forms	  
(H2S,	  HS-­‐,	  S2-­‐),	  H2S	  being	  the	  most	  toxic	  (Vismann	  1996,	  Wang	  and	  Chapman	  1999).	  
Because	  the	  pH	  was	  not	  measured,	  the	  relative	  concentrations	  of	  the	  different	  
sulfide	  species	  is	  unknown.	  Agar	  is	  pH	  neutral	  and	  was	  made	  with	  seawater,	  so	  the	  
pH	  was	  likely	  not	  significantly	  altered	  through	  that	  addition,	  but	  the	  pH	  could	  have	  
changed	  throughout	  the	  course	  of	  the	  experiment.	  	  
Overall,	  the	  hypoxic	  treatment	  negatively	  impacted	  Zostera	  marina	  shoots	  
through	  reduced	  photosynthetic	  efficiency	  and	  growth	  rates.	  Sulfide	  intrusion	  was	  
observed	  in	  the	  below-­‐ground	  tissues	  of	  the	  shoots	  exposed	  to	  hypoxia,	  but	  this	  was	  
not	  the	  primary	  driver	  of	  these	  effects.	  It	  seems	  that	  hypoxia	  was	  necessary	  to	  
reduce	  internal	  oxygen	  concentrations	  and	  facilitate	  the	  intrusion	  of	  sulfide.	  There	  
was	  no	  significant	  mortality	  from	  the	  hypoxic	  treatment	  but	  areas	  with	  hypoxia	  
have	  seen	  declines	  in	  seagrass	  abundance	  (Plus	  et	  al.	  2003).	  	  In	  order	  to	  prevent	  
future	  seagrass	  losses	  and	  to	  restore	  seagrass	  habitat,	  a	  thorough	  understanding	  of	  
the	  combination	  of	  factors	  that	  contribute	  to	  suitable	  habitat	  and	  an	  understanding	  
of	  the	  initial	  causes	  of	  decline	  should	  be	  developed	  (Katwijk	  et	  al.	  2009).	  In	  Puget	  
Sound	  there	  is	  speculation	  that	  sulfide	  could	  play	  a	  role	  in	  localized	  declines	  of	  
Zostera	  marina.	  While	  this	  experiment	  did	  not	  show	  a	  significant	  direct	  effect	  of	  
pore-­‐water	  sulfide	  on	  Zostera	  marina	  from	  Padilla	  Bay,	  the	  extensive	  evidence	  of	  
sulfide	  as	  a	  potential	  phytotoxin	  supports	  the	  contention	  that	  sulfide	  intrusion	  is	  an	  
important	  mechanism	  contributing	  to	  declining	  health	  of	  eelgrass	  exposed	  to	  
hypoxia.	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Appendix	  A	  
	  
Table	  A.1	  Summary	  of	  ANOVAR	  results	  on	  measured	  pore-­‐water	  sulfide	  
concentration	  from	  6	  cm	  depth	  in	  experimental	  cups	  throughout	  entire	  experiment	  
(weeks	  1-­‐6),	  between	  oxygen	  treatments,	  (*)	  indicates	  a	  Hyunh-­‐Feldt	  corrected	  p-­‐
value.	  
	  
	   Dfn	   Dfd	   F	   p	   ges	  
Between	  Subjects	   	   	   	   	   	  
Oxygen	  Treatment	   1	   19	   0.9674	   0.3377	   0.0079	  
Within	  Subjects	   	   	   	   	   	  
Week	   5	   95	   3.841	   0.0098*	   0.1457	  
Oxygen	  Treatment	  *	  Week	   5	   95	   0.2221	   0.9059*	   0.0098	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Table	  A.2	  Summary	  of	  the	  one-­‐way	  ANOVA	  results	  for	  dissolved	  inorganic	  carbon	  
concentration	  between	  the	  hypoxic	  and	  oxygen-­‐saturated	  treatments	  in	  week	  6.	  	  
	  
	   Df	   SS	   MSS	   F	   p-­‐value	   η2	  
Oxygen	  Treatment	   1	   6168.3	   6168.3	   44.25	   5.969x10-­‐5	   0.8157	  
Residuals	   10	   1394.0	   139.4	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Table	  A.3	  Summary	  of	  multiple	  regression	  of	  growth	  rates	  in	  the	  oxygen-­‐saturated	  
tanks	  over	  week	  1	  through	  6	  in	  the	  experiment	  (OSI	  and	  OSII)	  (F4,	  55=0.7192,	  
p=0.5825,	  R2=0.0497).	  
	  
	   Estimate	   Std.	  Error	   t-­‐value	   p	  
Intercept	   45.64	   27.53	   1.658	   0.103	  
Sulfide	   0.4999	   0.6269	   0.797	   0.429	  
Light	   -­‐0.1608	   0.5651	   -­‐0.285	   0.777	  
Tank	   -­‐0.8917	   1.340	   -­‐0.665	   0.509	  
Week	   -­‐1.678	   1.167	   -­‐1.438	   0.156	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Table	  A.4	  Summary	  of	  multiple	  regression	  on	  growth	  rates	  in	  weeks	  1	  through	  3,	  
when	  all	  shoots	  were	  under	  an	  oxygen-­‐saturated	  water	  column	  (OSI	  and	  Pre-­‐H).	  
Oxygen	  treatment	  was	  retained	  in	  the	  regression	  to	  show	  that	  there	  was	  initially	  no	  
significant	  difference	  between	  the	  hypoxic	  and	  oxygen-­‐saturated	  shoots	  (F5,	  
63=0.5159,	  p=0.7633,	  R2=0.03933).	  
	  
	   Estimate	   Std.	  Error	   t-­‐value	   p	  
Intercept	   17.22	   22.69	   0.759	   0.451	  
Tank	   0.4412	   0.9495	   0.465	   0.644	  
Light	   0.1194	   0.4903	   0.244	   0.808	  
Week	   -­‐0.5378	   2.546	   -­‐0.211	   0.833	  
Sulfide	   -­‐0.3732	   0.6722	   -­‐0.555	   0.581	  
Oxygen	  Treatment	   4.926	   4.098	   1.202	   0.234	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Table	  A.5	  Summary	  of	  the	  multiple	  regression	  on	  growth	  rate	  of	  Z.	  marina	  shoots	  in	  
the	  hypoxic	  treatment	  over	  all	  6	  weeks	  (Pre-­‐H	  and	  Post-­‐H).	  The	  full	  model	  had	  an	  F-­‐
statistic	  of	  5.465	  on	  4,	  61	  dfs,	  p=0.000793,	  R2=0.2638,	  Adj	  R2=0.2155.	  	  
	  
	   Estimate	   Std.	  Error	   t-­‐value	   p	  
Intercept	   22.7354	   15.9505	   1.425	   0.159147	  
Sulfide	   -­‐0.3065	   0.4041	   -­‐0.758	   0.451118	  
Light	   0.1509	   0.3656	   0.413	   0.681183	  
Tank	   0.2410	   0.5183	   0.465	   0.643560	  
Week	   -­‐3.0515	   0.7407	   -­‐4.120	   0.000116	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Table	  A.6	  Summary	  of	  the	  reduced	  regression	  on	  growth	  rates	  in	  the	  hypoxic	  
treatment	  (Pre-­‐H	  and	  Post-­‐H),	  with	  only	  week	  as	  a	  factor	  that	  was	  selected	  by	  the	  
step-­‐wise	  multiple	  regression.	  This	  model	  had	  an	  F-­‐statistic	  of	  21.7	  (1,	  64),	  
p=1.658x10-­‐5,	  R2=0.2532,	  Adj	  R2=0.2416.	  
	  
	   Estimate	   Std.	  Error	   t-­‐value	   p	  
Intercept	   29.31	   2.697	   10.87	   3.58x10-­‐16	  
Week	   -­‐3.226	   0.6924	   -­‐4.659	   1.66x10-­‐5	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Table	  A.7	  Summary	  of	  the	  one-­‐way	  ANOVA	  results	  for	  growth	  rate	  of	  Z.	  marina	  
shoots	  between	  weeks	  in	  the	  hypoxic	  tanks	  (Pre-­‐H	  and	  Post-­‐H).	  
	  
	   DF	   SS	   MSS	   F	   P	   η2	  
Week	   1	   2002.9	   2002.9	   21.703	   1.66x10-­‐5	   0.2532	  
Residuals	   64	   5906.3	   92.29	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Table	  A.8	  Tukey’s	  HSD	  contrast	  on	  Z.	  marina	  growth	  rates	  between	  all	  6	  weeks	  in	  
the	  hypoxic	  treatment	  tanks	  (Pre-­‐H	  and	  Post-­‐H).	  
	  
Weeks	  compared	   Difference	   p-­‐adj	  
1-­‐2	   -­‐4.015	   0.9203	  
1-­‐3	   -­‐2.939	   0.9784	  
1-­‐4	   -­‐8.049	   0.3664	  
1-­‐5	   -­‐17.32	   0.001	  
1-­‐6	   -­‐13.58	   0.0174	  
2-­‐3	   1.076	   0.9998	  
2-­‐4	   -­‐4.033	   0.9189	  
2-­‐5	   -­‐13.30	   0.021	  
2-­‐6	   -­‐9.561	   0.1907	  
3-­‐4	   -­‐5.109	   0.0807	  
3-­‐5	   -­‐14.38	   0.0098	  
3-­‐6	   -­‐10.64	   0.1094	  
4-­‐5	   -­‐9.269	   0.2188	  
4-­‐6	   -­‐5.527	   0.7509	  
5-­‐6	   3.742	   0.9398	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Table	  A.9	  Summary	  of	  the	  full	  multiple	  regression	  of	  growth	  rate	  of	  Z.	  marina	  
shoots	  in	  weeks	  4	  through	  6	  (Post-­‐H	  and	  OSII)	  (F(5,	  57)=12.86,	  p=2.222x10-­‐8,	  R2=0.53,	  
Adj	  R2=0.4888).	  
	  
	   Estimate	   Std.	  Error	   t-­‐value	   p	  
Intercept	   25.97	   13.98	   1.858	   0.0684	  
Light	   0.1297	   0.2691	   0.482	   0.6318	  
Tank	   0.0917	   0.4911	   0.187	   0.8525	  
Week	   -­‐3.748	   1.245	   -­‐3.009	   0.00389	  
Oxygen	  Treatment	   15.29	   2.133	   7.167	   1.68x10-­‐9	  
Sulfide	   0.067	   0.31016	   0.216	   0.82945	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Table	  A.10	  Summary	  of	  the	  reduced	  regression	  of	  growth	  rate	  of	  Z.	  marina	  shoots	  
in	  weeks	  4	  through	  6	  (Post-­‐H	  and	  OSII)	  with	  only	  week	  and	  oxygen	  treatment	  as	  
factors	  (F(2,,	  60)=33.41,	  p=1.77x10-­‐10	  ,	  R2=0.5269,	  Adj	  R2=0.5112).	  
	  
	   Estimate	   Std.	  Error	   t-­‐value	   p	  
Intercept	   31.63	   6.173	   5.123	   3.37x10-­‐6	  
Week	   -­‐3.788	   1.204	   -­‐3.145	   0.00258	  
Oxygen	  Treatment	   14.86	   1.969	   7.549	   2.93x10-­‐10	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Table	  A.11	  Summary	  of	  the	  ANOVAR	  results	  on	  growth	  rates	  of	  Z.	  marina	  shoots	  
during	  weeks	  4	  through	  6	  and	  between	  oxygen	  treatments	  (Post-­‐H	  and	  OSII).	  
	  
	   DFn	   DFd	   F	   p	   GES	  
Between	  Subjects	   	   	   	   	   	  
Oxygen	  Treatment	   1	   19	   54.95	   5.103x10-­‐7	   0.5175	  
Within	  Subjects	   	   	   	   	   	  
Week	   2	   38	   8.726	   7.611x10-­‐4	   0.2242	  
Oxygen	  Treatment	  
*Week	  
2	   38	   0.8389	   0.4400	   0.0270	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Table	  A.12	  Summary	  of	  full	  multiple	  regression	  of	  photosynthetic	  efficiency	  in	  the	  
oxygen-­‐saturated	  (OSI	  and	  OSII)	  tanks	  throughout	  all	  6	  weeks	  of	  the	  experiment	  (F4,	  
45=0.8713,	  p=0.4866,	  R2=0.0718,	  Adj	  R2=-­‐0.01062).	  
	  
	   Estimate	   Std.	  Error	   t-­‐value	   p	  
Intercept	   0.7266	   0.0315	   23.07	   <2.2x10-­‐16	  
Light	   0.00088	   0.00064	   1.364	   0.179	  
Sulfide	   0.00056	   0.00078	   0.724	   0.473	  
Week	   -­‐0.00087	   0.0012	   -­‐0.709	   0.482	  
Tank	   0.00214	   0.0015	   1.389	   0.172	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Table	  A.13	  Summary	  of	  the	  full	  multiple	  regression	  on	  photosynthetic	  efficiency	  in	  
weeks	  1	  and	  2	  (OSI	  and	  Pre-­‐H)	  (F5,	  36=0.853,	  p=0.5218,	  R2=0.1059,	  Adj	  R2=-­‐
0.01825).	  
	  
	   Estimate	   Std.	  Error	   t-­‐value	   p	  
Intercept	   0.7785	   0.0331	   23.54	   <2.2x10-­‐16	  
Light	   -­‐4.144x10-­‐4	   7.042x10-­‐4	   -­‐0.588	   0.560	  
Sulfide	   1.008x10-­‐3	   1.067x10-­‐3	   0.945	   0.351	  
Tank	   6.702x10-­‐4	   1.288x10-­‐3	   0.520	   0.606	  
Oxygen	  Treatment	   -­‐2.744x10-­‐3	   5.573x10-­‐3	   -­‐0.492	   0.625	  
Week	   7.203x10-­‐5	   5.516x10-­‐3	   0.013	   0.990	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Table	  A.14	  Summary	  of	  the	  full	  multiple	  regression	  on	  the	  photosynthetic	  efficiency	  
of	  Z.	  marina	  shoots	  in	  the	  hypoxic	  tanks	  during	  all	  weeks	  (F4,	  50=13.28,	  p=1.916x10-­‐7,	  
R2=0.5152,	  Adj	  R2=0.4764).	  
	  
	   Estimate	   Std.	  Error	   t-­‐value	   p	  
Intercept	   0.7050	   0.0804	   8.770	   1.10x10-­‐11	  
Light	   0.0016	   0.0018	   0.861	   0.3932	  
Sulfide	   0.0033	   0.0019	   1.720	   0.0916	  
Week	   -­‐0.022	   0.0034	   -­‐6.552	   3.02x10-­‐8	  
Tank	   0.0068	   0.0026	   2.612	   0.0118	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Table	  A.15	  Summary	  of	  the	  reduced	  regression	  on	  photosynthetic	  efficiency	  of	  Z.	  
marina	  shoots	  including	  Week,	  Tank,	  and	  Sulfide	  as	  factors,	  during	  all	  weeks	  of	  the	  
experiment	  (F3,	  	  51=17.55,	  p=5.869x10-­‐8,	  R2=0.508,	  Adj	  R2=0.479).	  
	  
	   Estimate	   Std.	  Error	   t-­‐value	   p	  
Intercept	   0.7727	   0.0165	   46.785	   <2.2x10-­‐16	  
Week	   -­‐0.0224	   0.0034	   -­‐6.544	   2.86x10-­‐8	  
Tank	   0.0050	   0.0016	   3.168	   0.00259	  
Sulfide	   0.0031	   0.0019	   1.645	   0.10607	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Table	  A.16	  Summary	  of	  the	  ANOVAR	  results	  on	  photosynthetic	  efficiency	  in	  the	  
hypoxic	  treatment	  between	  tanks	  during	  all	  weeks.	  
	  
	   DFn	   DFd	   F	   p	   GES	  
Between	  Subject	   	   	   	   	   	  
Tank	   5	   5	   2.952	   0.1299	   0.5118	  
Within	  Subject	   	   	   	   	   	  
Week	   4	   20	   40.15	   2.742x10-­‐9	   0.8382	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Table	  A.17	  Summary	  of	  the	  full	  multiple	  regression	  on	  photosynthetic	  efficiency	  in	  
both	  oxygen	  treatments	  during	  weeks	  4	  through	  6	  (F5,	  57=13.4,	  p=1.208x10-­‐8,	  
R2=0.5404,	  Adj	  R2=0.5001).	  
	  
	   Estimate	   Std.	  Error	   t-­‐value	   p	  
Intercept	   0.6659	   0.0732	   9.102	   1.05x10-­‐12	  
Light	   0.0033	   0.0014	   2.347	   0.02244	  
Tank	   0.0093	   0.0026	   3.622	   0.000623	  
Oxygen	  Treatment	   0.0621	   0.0112	   5.561	   7.44x10-­‐7	  
Sulfide	   0.0007	   0.0016	   0.043	   0.6701	  
Week	   -­‐0.0272	   0.0065	   -­‐4.178	   0.000102	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Table	  A.18	  Summary	  of	  the	  reduced	  model	  on	  the	  photosynthetic	  efficiency	  of	  Z.	  
marina	  shoots	  during	  weeks	  4	  through	  6,	  including	  Oxygen	  Treatment,	  Week,	  Tank,	  
and	  Light	  as	  factors,	  selected	  by	  the	  step-­‐wise	  multiple	  regression	  (F4,	  58=16.95,	  
p=2.953x10-­‐9,	  R2=0.5389,	  Adj	  R2=0.5071).	  
	  
	   Estimate	   Std.	  Error	   t-­‐value	   p	  
Intercept	   0.6724	   0.0711	   9.457	   2.36x10-­‐13	  
Oxygen	  Treatment	   0.0614	   0.0110	   5.594	   6.31x10-­‐7	  
Week	   -­‐0.0276	   0.0064	   -­‐4.319	   6.20x10-­‐5	  
Tank	   0.0093	   0.0026	   3.645	   0.000572	  
Light	   0.0033	   0.0014	   2.338	   0.02287	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Table	  A.19	  Summary	  of	  the	  ANCOVA	  on	  below-­‐ground	  tissue	  total	  sulfur	  content	  
between	  oxygen	  treatments	  and	  with	  pore-­‐water	  sulfide	  concentration	  in	  week	  6	  as	  
a	  covariate.	  
	  
	   DF	   SS	   MSS	   F	   p	  
Oxygen	  Treatment	   1	   0.2797	   0.2797	   7.348	   0.01432	  
Sulfide	   1	   0.00035	   0.00347	   0.0091	   0.92500	  
Residuals	   18	   0.6851	   0.03806	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Table	  A.20	  Summary	  of	  the	  ANCOVA	  results	  on	  growth	  rates	  of	  Z.	  marina	  shoots	  in	  
week	  6	  between	  oxygen	  treatments	  with	  sulfur	  content	  in	  the	  below-­‐ground	  total	  
sulfur	  content	  as	  a	  covariate.	  
	  
	   DF	   SS	   MSS	   F	   p	  
Oxygen	  Treatment	   1	   699.9	   699.9	   20.969	   0.0002327	  
Below-­‐ground	  S	   1	   10.15	   10.15	   0.3042	   0.5880	  
Residuals	   18	   600.8	   33.38	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Table	  A.21	  Summary	  of	  regression	  on	  pore-­‐water	  sulfide	  measured	  versus	  C,	  N,	  and	  
C:N	  in	  the	  LO	  tissues	  of	  eelgrass.	  	  
	  
Element	  Tested	   df	   F	   p	   R2	  
C	  	   1,	  17	   0.3246	   0.5763	   0.01874	  
N	  	   1,	  17	   0.00061	   0.9806	   3.58x10-­‐5	  
C:N	  	   1,	  17	   0.3413	   0.5668	   0.01968	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Table	  A.22	  Summary	  of	  ANCOVAs	  of	  Oxygen	  Treatment	  on	  C,	  N,	  and	  C:N	  in	  the	  LH	  
and	  R	  tissues	  with	  pore-­‐water	  sulfide	  as	  a	  covariate.	  	  
	  
	   DF	   SS	   MSS	   F	   p	  
Carbon	  in	  LH	   	   	   	   	   	  
Oxygen	  Treatment	   1	   5.99	   5.987	   0.3148	   0.5817	  
Sulfide	   1	   27.50	   27.50	   1.446	   0.2448	  
Residuals	   18	   342.4	   19.02	   	   	  
Carbon	  in	  R	   	   	   	   	   	  
Oxygen	  Treatment	   1	   1.74	   1.737	   0.0587	   0.8113	  
Sulfide	   1	   7.54	   7.543	   0.2550	   0.6197	  
Residuals	   18	   532.5	   29.58	   	   	  
Nitrogen	  in	  LH	   	   	   	   	   	  
Oxygen	  Treatment	   1	   0.3325	   0.3325	   1.729	   0.2050	  
Sulfide	   1	   0.0329	   0.3298	   1.715	   0.2068	  
Residuals	   18	   3.4608	   0.1923	   	   	  
Nitrogen	  in	  R	   	   	   	   	   	  
Oxygen	  Treatment	   1	   0.0753	   0.0753	   0.1882	   0.6696	  
Sulfide	   1	   0.8623	   0.8623	   2.156	   0.1593	  
Residuals	   18	   7.1993	   0.3999	   	   	  
C:N	  in	  LH	   	   	   	   	   	  
Oxygen	  Treatment	   1	   2.782	   2.782	   0.6472	   0.4316	  
Sulfide	   1	   1.417	   1.417	   0.3298	   0.5729	  
Residuals	   18	   77.36	   4.298	   	   	  
C:N	  in	  R	   	   	   	   	   	  
Oxygen	  Treatment	   1	   15815	   15815	   0.891	   0.3576	  
Sulfide	   1	   22622	   22622	   1.275	   0.2737	  
Residuals	   18	   319395	   17744	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Appendix	  B	  
Table	  B.1	  Adult	  Zostera	  marina	  shoot	  density	  within	  a	  0.27	  m2	  quadrat	  at	  each	  site	  
and	  sulfide	  concentration	  (mM)	  at	  3,	  6,	  and	  12	  cm	  within	  the	  middle	  of	  the	  quadrat	  
in	  Padilla	  Bay,	  Washington	  (n=20).	  
	  
Site	   Density	  of	  adult	  Z.	  marina	  shoots	   Depth	  (cm)	  
Sulfide	  concentration	  
(mM)	  
1	   13	  
3	   0.217	  
6	   0.152	  
12	   0.183	  
2	   10	  
3	   0.130	  
6	   0.262	  
12	   0.348	  
3	   6	  
3	   0.260	  
6	   0.247	  
12	   0.173	  
4	   11	  
3	   0.056	  
6	   0.070	  
12	   0.089	  
5	   20	  
3	   0.012	  
6	   0.083	  
12	   0.117	  
6	   13	  
3	   0.033	  
6	   0.050	  
12	   0.113	  
7	   9	  
3	   0.073	  
6	   0.121	  
12	   0.052	  
8	   3	  
3	   0.009	  
6	   0.034	  
12	   0.053	  
9	   9	  
3	   0.155	  
6	   0.054	  
12	   0.070	  
10	   11	  
3	   0.085	  
6	   0.072	  
12	   0.035	  
11	   20	  
3	   0.000	  
6	   0.091	  
12	   0.288	  
12	   52	  
3	   0.046	  
6	   0.136	  
12	   0.173	  
	  
	   68	  
Site	   Density	  of	  adult	  Z.	  marina	  shoots	   Depth	  (cm)	  
Sulfide	  concentration	  
(mM)	  
13	   20	  
3	   0.000	  
6	   0.086	  
12	   0.141	  
14	   40	  
3	   0.025	  
6	   0.101	  
12	   0.166	  
15	   55	  
3	   0.088	  
6	   0.068	  
12	   0.067	  
16	   50	  
3	   0.055	  
6	   0.116	  
12	   0.116	  
17	   45	  
3	   0.128	  
6	   0.112	  
12	   0.222	  
18	   55	  
3	   0.110	  
6	   0.135	  
12	   0.107	  
19	   53	  
3	   0.076	  
6	   0.173	  
12	   0.169	  
20	   62	  
3	   0.000	  
6	   0.061	  
12	   0.026	  
	  
	  
	   	  
	  
	   69	  
	  
Table	  B.2	  Experimental	  shoots	  in	  oxygen-­‐saturated	  (OS)	  and	  hypoxic	  treatments	  
(number	  1-­‐12	  for	  each	  oxygen	  treatment)	  and	  tank	  number	  for	  each	  shoot	  and	  
measured	  pore-­‐water	  sulfide	  concentration	  (mM)	  for	  each	  plant	  for	  each	  week.	  All	  
shoots	  were	  in	  an	  oxygen-­‐saturated	  environment	  for	  weeks	  1	  through	  3.	  Hypoxic	  
treatment	  was	  added	  in	  weeks	  4	  through	  6.	  	  
	  




Number	   Tank	   Week	  1	   Week	  2	   Week	  3	   Week	  4	   Week	  5	   Week	  6	  
OS	   1	   3	   0.208	   0.049	   0.833	   3.793	   1.732	   4.615	  
OS	   2	   3	   0.349	   0.658	   1.951	   1.761	   1.495	   3.677	  
OS	   3	   4	   0.081	   5.661	   1.450	   1.936	   0.815	   2.205	  
OS	   4	   4	   1.138	   1.744	   1.521	   0.839	   3.236	   1.495	  
OS	   5	   6	   0.254	   0.602	   0.994	   2.687	   6.944	   4.839	  
OS	   6	   6	   0.370	   0.841	   1.635	   3.111	   3.148	   3.474	  
OS	   7	   7	   0.246	   1.095	   0.580	   0.166	   2.062	   1.539	  
OS	   8	   7	   0.718	   1.791	   1.920	   5.086	   1.898	   5.319	  
OS	   9	   10	   0.563	   0.337	   1.415	   0.790	   1.314	   0.181	  
OS	   10	   10	   0.176	   1.114	   15.146	   3.927	   2.043	   0.255	  
OS	   11	   12	   0.341	   0.669	   0.482	   8.244	   4.896	   5.319	  
OS	   12	   12	   0.352	   3.226	   1.509	   19.362	   0.697	   3.251	  
Hypoxic	   1	   1	   0.390	   1.238	   4.324	   5.175	   4.149	   4.443	  
Hypoxic	   2	   1	   1.109	   1.114	   2.691	   3.794	   3.297	   6.551	  
Hypoxic	   3	   2	   2.260	   1.352	   2.219	   1.174	   3.484	   6.368	  
Hypoxic	   4	   2	   0.000	   0.552	   3.110	   5.450	   2.525	   4.004	  
Hypoxic	   5	   5	   3.928	   1.515	   2.648	   0.718	   2.006	   9.659	  
Hypoxic	   6	   5	   1.525	   14.881	   4.289	   0.824	   48.794	   12.712	  
Hypoxic	   7	   8	   0.156	   2.310	   0.307	   1.154	   0.837	   1.644	  
Hypoxic	   8	   8	   0.054	   16.391	   2.627	   12.472	   0.000	   1.322	  
Hypoxic	   9	   9	   0.364	   2.929	   2.779	   12.580	   5.221	   0.749	  
Hypoxic	   10	   9	   0.308	   0.334	   0.310	   4.065	   5.269	   3.160	  
Hypoxic	   11	   11	   0.123	   0.259	   4.997	   1.215	   1.916	   0.701	  
Hypoxic	   12	   11	   0.199	   0.805	   0.434	   2.166	   5.830	   5.903	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Table	  B.3	  Sulfide	  profiles	  (in	  mM)	  measured	  at	  the	  3	  and	  6	  cm	  depth	  in	  randomly	  
selected	  treatment	  cups	  each	  week.	  
	  
	   Oxygen	  Treatment	   3	  cm	  	   6	  cm	  
Week	  1	   	   0.129	   0.123	  
Week	  2	   	   4.505	   1.515	  
Week	  3	   	   0.367	   2.627	  
Week	  4	   Oxygen-­‐Saturated	   2.757	   3.927	  
	   Hypoxic	   0.756	   0.718	  
Week	  5	   Oxygen-­‐Saturated	   0.383	   1.314	  
	   Hypoxic	   1.221	   3.483	  
Week	  6	   Oxygen-­‐Saturated	   0.154	   2.205	  
	   Hypoxic	   0.142	   4.003	  
	  
	  
	   	  
	  
	   71	  
Table	  B.3	  Experimental	  shoots	  in	  oxygen-­‐saturated	  (OS)	  and	  hypoxic	  treatment	  
(numbered	  1-­‐12)	  and	  the	  shoot	  growth	  per	  day	  (mm)	  in	  week	  1	  through	  week	  6.	  
Growth	  rates	  were	  measured	  over	  5	  days.	  	  NAs	  are	  from	  shoots	  that	  had	  died	  and	  
had	  no	  growth	  and	  leaves	  had	  broken	  off.	  
	  




Number	   Week	  1	   Week	  2	   Week	  3	   Week	  4	   Week	  5	   Week	  6	  
OS	   1	   34.83	   19.33	   28.00	   31.00	   20.83	   17.50	  
OS	   2	   2.33	   1.67	   11.83	   11.00	   0.00	   NA	  
OS	   3	   22.00	   31.50	   23.17	   33.40	   46.33	   26.75	  
OS	   4	   30.33	   49.33	   40.00	   42.60	   32.50	   20	  
OS	   5	   7.50	   NA	   NA	   NA	   NA	   NA	  
OS	   6	   23.50	   24.67	   25.00	   17.00	   26.00	   26.25	  
OS	   7	   27.17	   33.17	   24.33	   29.00	   18.67	   26.25	  
OS	   8	   118.83	   24.17	   41.00	   38.80	   24.33	   29.75	  
OS	   9	   11.17	   22.33	   27.33	   39.00	   8.33	   24.50	  
OS	   10	   22.83	   32.00	   29.00	   26.00	   20.83	   22.00	  
OS	   11	   23.50	   41.67	   39.17	   41.00	   20.67	   16.00	  
OS	   12	   0.00	   27.83	   26.83	   37.00	   36.50	   27.50	  
Hypoxic	   1	   38.83	   33.50	   17.00	   14.60	   7.00	   11.00	  
Hypoxic	   2	   15.33	   42.50	   36.83	   21.40	   12.83	   24.25	  
Hypoxic	   3	   17.17	   12.67	   15.83	   14.00	   7.50	   4.00	  
Hypoxic	   4	   17.50	   8.67	   4.00	   10.80	   3.17	   7.00	  
Hypoxic	   5	   20.33	   18.83	   31.00	   37.00	   14.17	   7.50	  
Hypoxic	   6	   17.83	   7.50	   0.00	   0.00	   NA	   NA	  
Hypoxic	   7	   30.83	   23.67	   47.17	   24.00	   7.67	   5.25	  
Hypoxic	   8	   26.67	   17.67	   26.50	   24.00	   9.50	   19.00	  
Hypoxic	   9	   24.17	   21.17	   25.50	   16.00	   3.33	   18.00	  
Hypoxic	   10	   12.83	   10.67	   12.67	   7.00	   6.33	   14.75	  
Hypoxic	   11	   53.67	   21.83	   22.83	   3.80	   15.83	   14.50	  
Hypoxic	   12	   25.00	   27.00	   10.67	   21.20	   4.50	   7.75	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Table	  B.4	  The	  percent	  new	  growth	  for	  Z.	  marina	  shoots	  in	  oxygen	  saturated	  (OS)	  
and	  hypoxic	  treatments.	  Percent	  new	  growth	  was	  calculated	  as	  the	  total	  new	  
growth/total	  leaf	  lengths	  for	  each	  shoot.	  	  	  




Number	   Week	  1	   Week	  2	   Week	  3	   Week	  4	   Week	  5	   Week	  6	  
OS	   1	   11.39	   7.46	   16.73	   26.96	   18.88	   13.16	  
OS	   2	   0.91	   1.47	   10.50	   22.82	   0	   NA	  
OS	   3	   7.89	   10.00	   11.69	   11.20	   19.69	   9.86	  
OS	   4	   9.43	   15.19	   10.37	   11.89	   10.03	   6.70	  
OS	   5	   3.52	   NA	   NA	   NA	   NA	   NA	  
OS	   6	   10.23	   11.66	   10.67	   13.62	   12.5	   10.31	  
OS	   7	   9.83	   10.23	   10.10	   13.09	   16.97	   13.58	  
OS	   8	   89.79	   14.76	   19.38	   12.22	   14.82	   13.06	  
OS	   9	   5.44	   11.95	   26.16	   26.00	   6.99	   18.11	  
OS	   10	   12.51	   14.19	   11.15	   7.65	   9.58	   9.73	  
OS	   11	   10.23	   14.69	   14.90	   12.81	   11.00	   5.39	  
OS	   12	   0	   9.01	   7.79	   11.33	   10.999	   7.33	  
Hypoxic	   1	   11.56	   13.35	   11.36	   13.25	   6.49	   6.98	  
Hypoxic	   2	   5.36	   12.64	   15.15	   7.96	   5.48	   10.61	  
Hypoxic	   3	   5.49	   9.35	   14.66	   9.37	   3.95	   3.53	  
Hypoxic	   4	   7.82	   6.74	   2.86	   6.63	   4.94	   7.27	  
Hypoxic	   5	   8.72	   8.08	   10.83	   16.93	   13.01	   4.31	  
Hypoxic	   6	   6.71	   4.11	   0	   0	   NA	   NA	  
Hypoxic	   7	   10.71	   7.81	   13.01	   11.63	   5.21	   1.67	  
Hypoxic	   8	   9.19	   5.65	   9.86	   7.79	   5.44	   7.495	  
Hypoxic	   9	   8.59	   7.09	   10.86	   6.48	   1.35	   9.57	  
Hypoxic	   10	   7.77	   5.81	   14.67	   8.24	   12.97	   10.71	  
Hypoxic	   11	   16.33	   7.00	   16.29	   3.56	   12.45	   7.11	  
Hypoxic	   12	   11.47	   10.89	   6.97	   19.27	   4.30	   4.87	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Table	  B.5	  Experimental	  shoots	  in	  oxygen-­‐saturated	  (OS)	  and	  hypoxic	  treatments,	  
numbered	  1-­‐12	  in	  each	  oxygen	  treatment	  and	  photosynthetic	  yield	  for	  each	  shoot	  
measured	  once	  a	  week	  after	  30	  minutes	  of	  dark	  adaptation	  using	  pulse-­‐amplitude	  
modulated	  fluorometry.	  	  
	  




Number	   Week	  1	   Week	  2	   Week	  4	   Week	  5	   Week	  6	  
OS	   1	   0.777	   0.734	   0.767	   0.789	   0.763	  
OS	   2	   0.769	   0.787	   0.756	   0.756	   NA	  
OS	   3	   0.788	   0.770	   0.788	   0.789	   0.780	  
OS	   4	   0.758	   0.766	   0.761	   0.773	   0.760	  
OS	   5	   0.750	   NA	   NA	   NA	   NA	  
OS	   6	   0.760	   0.762	   0.758	   0.742	   0.767	  
OS	   7	   0.723	   0.772	   0.771	   0.781	   0.743	  
OS	   8	   0.783	   0.768	   0.771	   0.783	   0.755	  
OS	   9	   0.782	   0.787	   0.762	   0.783	   0.732	  
OS	   10	   0.765	   0.772	   0.788	   0.783	   0.777	  
OS	   11	   0.771	   0.783	   0.765	   0.761	   0.756	  
OS	   12	   0.770	   0.784	   0.789	   0.766	   0.764	  
Hypoxic	   1	   0.747	   0.761	   0.691	   0.765	   0.565	  
Hypoxic	   2	   0.763	   0.751	   0.750	   0.732	   0.615	  
Hypoxic	   3	   0.822	   0.742	   0.730	   0.701	   0.688	  
Hypoxic	   4	   0.761	   0.765	   0.693	   0.668	   0.542	  
Hypoxic	   5	   0.779	   0.773	   0.575	   0.746	   0.668	  
Hypoxic	   6	   0.807	   0.780	   0.779	   NA	   NA	  
Hypoxic	   7	   0.755	   0.788	   0.801	   0.689	   0.649	  
Hypoxic	   8	   0.759	   0.772	   0.786	   0.717	   0.657	  
Hypoxic	   9	   0.784	   0.789	   0.779	   0.724	   0.648	  
Hypoxic	   10	   0.757	   0.790	   0.798	   0.777	   0.651	  
Hypoxic	   11	   0.768	   0.769	   0.774	   0.744	   0.732	  
Hypoxic	   12	   0.764	   0.772	   0.794	   0.773	   0.718	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Table	  B.6	  Total	  sulfur,	  carbon,	  nitrogen	  and	  carbon:nitrogen	  ratio	  (%	  dry	  weight)	  in	  
the	  experimental	  shoots	  from	  below-­‐ground	  tissue	  (R),	  leaf	  tissue	  produced	  during	  
the	  first	  3	  weeks	  (LO)	  and	  leaf	  tissue	  produced	  during	  the	  second	  3	  weeks	  (LH).	  NAs	  
are	  from	  plants	  that	  either	  died	  or	  where	  all	  leaf	  produced	  in	  the	  first	  three	  weeks	  
was	  missing.	  The	  nitrogen	  value	  in	  the	  Hypoxic	  2	  R	  segment	  was	  abnormally	  low	  











Nitrogen	   C:N	  
OS	   1	  
R	   0.5799	   34.66	   0.9323	   37.18	  
LO	   0.7566	   34.13	   2.103	   16.24	  
LH	   0.5875	   35.20	   2.705	   13.01	  
OS	   2	  
R	   NA	   NA	   NA	   NA	  
LO	   NA	   NA	   NA	   NA	  
LH	   NA	   NA	   NA	   NA	  
OS	   3	  
R	   0.6342	   23.74	   1.017	   23.33	  
LO	   0.8165	   33.63	   2.171	   15.49	  
LH	   0.8007	   31.98	   1.755	   18.22	  
OS	   4	  
R	   0.5846	   32.04	   1.373	   23.34	  
LO	   0.5977	   35.14	   2.025	   17.36	  
LH	   0.8001	   33.46	   2.253	   14.85	  
OS	   5	  
R	   NA	   NA	   NA	   NA	  
LO	   NA	   NA	   NA	   NA	  
LH	   NA	   NA	   NA	   NA	  
OS	   6	  
R	   0.5070	   29.28	   1.080	   27.10	  
LO	   0.5934	   29.34	   2.099	   13.98	  
LH	   0.5608	   37.03	   2.498	   14.82	  
OS	   7	  
R	   0.2639	   32.67	   1.270	   25.73	  
LO	   0.7569	   35.11	   2.294	   15.35	  
LH	   0.7183	   44.46	   3.532	   12.59	  
OS	   8	  
R	   0.5310	   31.70	   1.177	   26.93	  
LO	   0.4833	   48.88	   3.114	   15.70	  
LH	   0.5387	   34.92	   2.439	   14.32	  
OS	   9	  
R	   0.5234	   35.29	   2.566	   13.75	  
LO	   NA	   NA	   NA	   NA	  
LH	   0.5915	   33.30	   2.041	   16.32	  
OS	   10	  
R	   0.5341	   30.87	   1.443	   21.39	  
LO	   0.7632	   30.17	   2.107	   14.32	  
LH	   0.7368	   31.54	   2.586	   12.20	  
OS	   11	  
R	   0.4461	   30.16	   1.773	   17.00	  
LO	   0.9480	   31.41	   2.350	   13.36	  
LH	   0.6951	   40.07	   3.540	   11.32	  
OS	   12	  
R	   0.6058	   32.63	   2.237	   14.59	  
LO	   0.6732	   33.77	   2.234	   15.12	  
LH	   0.6497	   33.57	   2.794	   12.02	  
	  










Nitrogen	   C:N	  
Hypoxic	   1	  
R	   0.4627	   21.05	   0.6066	   34.71	  
LO	   0.7703	   31.27	   1.854	   16.87	  
LH	   0.7723	   35.23	   2.283	   15.43	  
Hypoxic	   2	  
R	   0.5556	   36.85	   NA	   NA	  
LO	   0.7075	   32.87	   1.928	   17.05	  
LH	   0.6095	   34.40	   1.999	   17.21	  
Hypoxic	   3	  
R	   0.7715	   41.57	   1.376	   30.20	  
LO	   0.6997	   32.51	   1.361	   23.88	  
LH	   0.6209	   35.93	   2.523	   14.24	  
Hypoxic	   4	  
R	   0.8664	   22.30	   0.8413	   26.51	  
LO	   NA	   NA	   NA	   NA	  
LH	   0.5186	   46.44	   2.928	   15.86	  
Hypoxic	   5	  
R	   0.5819	   33.12	   1.708	   19.40	  
LO	   0.7261	   31.61	   1.976	   16.00	  
LH	   0.6916	   35.36	   2.633	   13.43	  
Hypoxic	   6	  
R	   NA	   NA	   NA	   NA	  
LO	   NA	   NA	   NA	   NA	  
LH	   NA	   NA	   NA	   NA	  
Hypoxic	   7	  
R	   0.6519	   27.88	   1.132	   24.64	  
LO	   0.6315	   35.09	   2.067	   16.98	  
LH	   0.6935	   33.13	   2.104	   15.74	  
Hypoxic	   8	  
R	   0.6214	   31.54	   1.456	   21.66	  
LO	   0.5870	   33.28	   1.932	   17.22	  
LH	   0.5186	   29.39	   2.529	   11.62	  
Hypoxic	   9	  
R	   0.9290	   33.99	   2.328	   14.60	  
LO	   0.7665	   35.36	   2.403	   14.71	  
LH	   0.7901	   34.02	   1.992	   17.08	  
Hypoxic	   10	  
R	   1.1135	   22.37	   1.078	   20.74	  
LO	   0.9210	   29.82	   1.992	   14.97	  
LH	   0.6396	   27.48	   2.397	   11.46	  
Hypoxic	   11	  
R	   0.5362	   36.29	   2.518	   14.41	  
LO	   0.8238	   37.13	   2.514	   14.77	  
LH	   0.6618	   33.17	   2.229	   14.88	  
Hypoxic	   12	  
R	   1.1827	   31.03	   1.935	   16.03	  
LO	   0.6356	   31.03	   1.833	   16.93	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Table	  B.7	  Photosynthetically	  active	  radiation	  (μmol	  photons	  s-­‐1	  m-­‐2)	  and	  dissolved	  
inorganic	  carbon	  (μmol	  kg-­‐1)	  measured	  in	  each	  tank.	  PAR	  was	  measured	  during	  







photons	  s-­‐1	  m-­‐2)	  
Dissolved	  Inorganic	  
Carbon	  (μmol	  kg-­‐1)	  
1	   Hypoxic	   42.98	   2002.7	  
2	   Hypoxic	   41.27	   2008.5	  
3	   Oxygen-­‐saturated	   43.92	   1942.5	  
4	   Oxygen-­‐saturated	   42.34	   1976.2	  
5	   Hypoxic	   29.07	   1999.97	  
6	   Oxygen-­‐saturated	   29.75	   1971.195	  
7	   Oxygen-­‐saturated	   28.44	   1951.5	  
8	   Hypoxic	   35.65	   2010.4	  
9	   Hypoxic	   28.88	   1996.9	  
10	   Oxygen-­‐saturated	   25.42	   1938.1	  
11	   Hypoxic	   33.13	   1996.2	  
12	   Oxygen-­‐saturated	   25.75	   1963.6	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Table	  B.8	  Oxygen	  concentration	  (in	  μmol	  L-­‐1)	  measured	  in	  the	  oxygen-­‐saturated	  
tanks	  throughout	  the	  experiment,	  and	  the	  saturated	  oxygen	  concentration	  in	  the	  
tanks	  at	  the	  time	  of	  measurement.	  	  
	  
Tank	  Number	   Measurement	  1	   Measurement	  2	   Measurement	  3	  
3	   254.3	   265.2	   260.4	  
4	   264.0	   264.3	   264.0	  
6	   252.8	   258.5	   258.6	  
7	   253.7	   258.2	   258.1	  
10	   251.1	   256.5	   256.1	  
12	   256.8	   258.5	   254.7	  
Saturated	   253.7	   255.3	   260.4	  
	  
	  
	  
